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PREFACE 


“Protection and Restoration of the Environment” is a well-known series of international conferences, 
organized jointly by one American and one Greek University every two years, in Greece. It started in 
1992, in Thessaloniki. In 2018, the fourteenth Conference of the series has taken place in Thessaloniki 
for one more time. It was jointly organized by: a) the Stevens Center for Environmental Engineering 
of the Stevens Institute of Technology, USA and b) the Division of Hydraulics and Environmental 
Engineering, and the Environment Council of the Aristotle University of Thessaloniki, Greece. 


Thessaloniki is an inspiring place for an environmental conference: It is a large city, facing many 
environmental problems, but, at the same time, it is situated in the middle of an area of undisputable 
beauty (including Chalkidiki and Mount Olympus), which exhibits the environmental quality that we 
have to preserve for future generations. 


Moreover, Thessaloniki is located in a rather small distance from Stagira, the birthplace of Aristotle 
and from Mount Athos. Aristotle contributed decisively to the formation of scientific thought, while 
Mount Athos represents the spirit and the moral discipline, which are indispensable for protection 
and restoration of the environment. 


The conference was timely, as well. It served as a reminder that protection of the environment is not 
a luxury that could be temporarily disregarded under the pressure of financial crisis, but a basic 
prerequisite for viable future. 


Participation has been very encouraging. Almost 150 papers have been selected for oral or poster 
presentation, covering a wide range of topics, which reflect the interdisciplinary nature of 
environmental challenges. They have been classified in the following sessions: 


Climate change impacts and adaptation measures 

Cultural and social issues 

Environmental education 

Environmental hydrology 

Environmental law and economics 

Ground water resources management 

Protection and restoration of coastal zone and open sea waters 
Protection and restoration of ecosystems 

River and open channel hydraulics 

Soft and renewable energy sources 

Solid waste management 

Sustainable architecture, planning and development - Built environment 


Protection and restoration of the environment XIV 


e Sustainable architecture, planning and development - Urban environment 
e Water and wastewater treatment and management 
e Water resources management and contamination control 


The conference hosted also a special session on Supporting Sustainable Development Goals 
Implementation using research, organized by the Sustainable Development Solutions Network 
(SDSN). 


The editors would like to thank: 
The authors of the papers, for contributing and sharing their own expertise. 
The members of the organizing and the scientific committee, for their eager help. 
The reviewers, for ensuring high scientific standards for the presentations. 
The sponsors of the conference for their financial support. 


All conference participants, for their active involvement in the exchange of knowledge, which 
is the essence of a conference. 


The editors 
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Abstract 

Climate change and its potential impacts on water resources may have a large impact on water 
resources and subsequent water resources management practices. Changes on future climate will 
likely affect the fundamental drivers of the hydrological cycle, rainfall and temperature. The 
Representative Concentration Pathways (RCPs), which simulate future projections of GHG emissions 
and atmospheric concentrations, are used to model future changes in these variables. The RCPs 
include a stringent mitigation scenario, one intermediate scenario and one scenario with very high 
GHG emissions until year 2100. Subsequent changes in rainfall and temperature are used to examine 
climate change effects on two study areas; an agricultural watershed and an urban city, in Thessaly, 
Greece. Lake Karla Watershed, a typical Mediterranean agricultural area with dry climate, and the 
neighboring city of Volos are examined. The Water Evaluation And Planning (WEAP) modeling 
system is used to simulate the water availability for historical and future periods and for various water 
uses. More specifically, the water balance is simulated under the three extreme climate change 
scenarios and current operational management practices. The two study areas are modeled separately 
in the Baseline Scenario. In the future, when the new reservoir of the technical Lake Karla will 
operate, 50 new drilling wells will also be used for the coverage of the urban water demand of Volos 
city. Thus, the two areas are connected and modeled as an integrated system in the future scenarios. 
Finally, a management scenario of irrigation and urban losses reduction is suggested and simulated 
(for the current and for the future conditions) under the climate change scenarios. The results of the 
water balances indicate the vulnerability of the study areas, especially of the agricultural watershed, 
under the climate change, and the alteration the of current water resources management practices is 
deemed necessary. 


Keywords: water resources management, Water Evaluation And Planning system (WEAP), Lake 
Karla Watershed, Volos city, climate change. 
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1. INTRODUCTION 


Climate models project a reduction in annual precipitation and an increment in temperature, which 
may sharpen water scarcity phenomena. Climate change has multiple and growing impacts on urban 
and agricultural activities (Feilberg and Mark, 2016). These impacts have serious potential 
consequences for every domain that is connected directly or indirectly with water resources (Molle 
and Berkoff, 2009). The impacts of climate change on water resources availability are among the 
most widely discussed environmental issues in the last decades (IPCC, 2014, OECD, 2015, IWA, 
2015). In line with this, water resources management must consider long-term planning, and one of 
its main aspects, is the changing climate (Russo, et al., 2014, Mourato et al., 2015). This paper 
proposes a water demand management under climate change scenarios. Water demand management, 
opposed to augmenting supply is increasingly proposed as a way of mitigating water-scarcity 
problems (Gleick, 2003). A neglected area in the field of climate change studies is the combination 
of different water uses, as the majority of the previous works has only focused on a specific water 
use. A rural watershed and a city are examined in this paper, combining thus the agricultural and the 
urban water use, in terms of simulation and modeling, under management and climate change 
scenarios. The selected study areas are Lake Karla Watershed and the neighboring city of Volos, in 
Thessaly (Central Greece). Industrial water uses of the watershed and Volos Municipality, as well as 
the animal husbandry of Lake Karla watershed have been taken into account, to complement 
agricultural and urban water demands which are the most important water uses. Furthermore, the 
existing practices are examined and new policies are investigated to strengthen the management’s 
adaptation plans to new climate conditions, especially in agricultural watersheds. 


2. STUDY AREA 


Lake Karla Watershed is a representative agricultural watershed with limited water resources. The 
climate of the wider area of Karla is characterized as Mediterranean with dry and hot summers and 
cold and humid winters, with a mean annual precipitation of 451.13 mm and a mean annual 
temperature of 15.2 °C (Hydromentor, 2015). The intense irrigation of water demanding crops 
increased the pumping, with catastrophic results to the ecosystem, and especially to the aquifer 
(Sidiropoulos, 2014). The water demand of the watershed is covered by the surface network Local 
Administration of Land Reclamation (LALR) of Pinios River and mainly from the groundwater 
aquifer. The lake was drained in 1962, for flood protection and for more agricultural land, but the 
planned works were not constructed, creating thus, a number of environmental problems which led 
to the reconstitution of the lake. To date all the reconstitution works have been completed and refilling 
the lake with water from Pinios River continues to target the highest level, so the operation of 
irrigation can start. The new reservoir’s operation is already delayed, causing further environmental 
problems (Stamou, 2015). 


Volos is the capital of the prefecture of Magnesia (Central Greece), in the South-East boarder of Lake 
Karla watershed (Fig. 1), with a population of approximately 144,450 inhabitants. Volos occupies an 
area of 387.1 km”. Its climate is characterized as Mediterranean with an average annual temperature 
of 16.4°C and 504 mm of annual rainfall. The Municipal Water Utility of Volos is responsible for the 
city’s water supply, as well as the Industrial Area (Fafoutis, 2008). The water needs are covered by 5 
springs and 40 wells, and the water is collected in 8 reservoirs. The city faces water problems, 
especially during summer, mainly due to the losses, which are estimated to be above the 40% of the 
total supplied water, according to the Water Utility databases (Mylopoulos et al., 2017). Furthermore, 
major environmental issues arose the last decades, such as, the systematically pumping and the 
deterioration of the aquifer (Mylopoulos and Mentes, 2005). 
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Legend 


Karla Watershed 
YZ, City of Volos 


5 
Kilometers 
Figure 1. The broader study area. 


When the Lake Karla reservoir will operate, significantly less water will be pumped from the 
groundwater aquifer. Karla watershed’s area is 1663 km? now, but after the completion of the 
reservoir works its area will be 1171 km? due to the new irrigation areas that will be serviced from 
the reservoir’s surface water (Loukas et al., 2008). The complementary works that accompany the 
reconstruction of the lake include the opening of 50 new wells to meet the water needs of the city of 
Volos and the surrounding settlements, with 2.9 hm? of water annually (Ministry of Environment, 
2004). These wells will be distributed in the area of Stefanovikio up to Rizomylos, to 15 km? 
(Sidiropoulos et al., 2009). Of these 50 wells, the 10 are already operating on behalf of the Municipal 
Water Utility of Volos, but they will be replaced from the new ones (Water Utility of Volos, 2011). 
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3. METHODOLOGY 


The methodology is focused on simulation of water supply sources, and water demand and the 
subsequent water balance estimation. Irrigation water needs were calculated with the software 
CROPWAT (FAO, 2015) and the urban water demand was calculated with a simple MS Excel model, 
given the quarterly consumption. The software WEAP (Water Evaluation And Planning system) 
(weap21.org), was used for the simulation of the water balance. The nodes of the system were 
schematized in WEAP. Figure 2 presents the positions of the supply sources, demand sites (nodes) 
and the linkage connections among the nodes. 
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Figure 2. Water resources management system implementation for Lake Karla watershed 
and Volos city 


For higher precision and spatial integration of the results, the watershed was divided into different 
zones (the demand nodes in Figure 2): North, South, Mountain, Surface Network of Pinios LALR, 
five (5) zones for the aquifer and nine (9) zones for the reservoir future serviced areas. The separation 
was based on common physical characteristics (e.g. soil) and common areas of administrative 
boundaries (Alamanos et al., 2016, 2017). For the analysis’ needs the city of Volos was divided into 
five (5) main sectors (Fig. 2 and 3); sectors 1, 2, 3 and 4 cover the urban area, while the fifth sector 
covers the Industrial Area (Vagiona et al., 2005, Vagiona and Mylopoulos, 2009, Mylopoulos et al., 
2017). 
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Figure 3. a) Lake Karla watershed divided into irrigation zones b) Volos city divided into 
sectors 


Four management scenarios were developed to better reflect technical (engineering) measures on the 
efficient water use, as well as the future situation, and three climate change scenarios were developed 
to examine their effect on the water balance, for each management scenario: 


Scenario 1: The current situation, the BAU scenario. The Karla reservoir is not active yet and the 
main supply sources are the groundwater aquifer and the river Pinios. The reservoir is expected to 
operate, but until then, the already overexploited aquifer is giving water to all the areas around the 
lake (Sidiropoulos, 2014). In the city of Volos the supply sources for the coverage of the urban water 
needs are the 5 springs (from Mountain Pelion) and the 40 wells (from the groundwater of the plain 
of Karla Watershed, from Nea Ionia and from the groundwater of Volos) (Mylopoulos et al., 2017). 


Scenario la: Reducing water losses on Scenario 1. There are high evaporation losses in the open 
irrigation channels of Pinios LALR surface network, especially during summer months, where the 
water needs increase. There are also considerable leakages which aggravate water loss. The lack of 
maintenance, leads to big water losses, too. This scenario was simulated by using a higher coefficient 
for transfer efficiency equal to 0.75 instead of 0.4 used in the baseline scenario (for the surface 
network) and 0.9 instead of 0.8 for the pipeline network (Hydromentor 2015, Alamanos et al., 2016, 
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2017). Practically, this can be achieved by cleaning (from plants and rubbish) and maintaining the 
irrigation network. The losses of the network of Volos are estimated to be above the 40% of the total 
supplied water, and they can also be further reduced (Mylopoulos et al., 2017). In this scenario the 
losses are considered to be 30% of the total supplied water. 


Scenario 2: The future situation of Karla reservoir and new wells operation. The main difference, 
compared to Scenario 1, is that the new irrigation areas that will be served from the reservoir, in the 
baseline scenario were served by the underlying aquifer (Sidiropoulos, 2014) and the extra water 
supply from the wells of Karla watershed will feed Volos (Ministry of Environment, 2004, 
Sidiropoulos et al., 2009). Thus, this connection of the two areas is taken into account, providing the 
overall results of the Volos’ water balance. 


Scenario 2a: Reducing water losses on Scenario 2, with the same way that it was achieved in Scenario 
la. 


All the above management scenarios were examined under three climate change scenarios using the 
Representative Concentration Pathways (RCPs) as proposed by the IPCC in its 5 Assessment Report 
(ARS) in 2014 (IPCC, 2014). For the development of these scenarios, the results of the program 
CORDEX (cordex.org) were used for the RCP scenarios (Moss et al., 2008). Three RCPs are 
examined (namely the RCP2.6, RCP4.5 and the RCP8.5) that are consistent with a wide range of 
possible changes in future anthropogenic greenhouse gas (GHG) emissions. Their historic (baseline) 
period was from 1960 until 1990. Changes of precipitation (P) and temperature (T) are based on the 
ensemble mean of the 10 simulations of the RCMs based on five (5) different GCMs. The forecast 
period is from 2006 until 2100 and the grid resolution is 0.11 degrees, about 10x10 km’. For the data’s 
statistical adjustment (correction) on the existing ones, the D-test was implemented, according to the 
Equation (1). Thus, P and T have been downscaled by truncating their historical time series by the 
monthly change of the RCMs’ results between the historical base period 1960-2005 and the future 
periods (divided to 30year-periods until 2100) (Loukas, et al. 2008). 


PC = [(RCPav — Hav) / Hav] -100 (1) 


where: RCPav is the studied variable’s average from the RCPs, of all the available RCMs, Hav is the 
studied variable’s average from the historic period 1950-2005, PC is the percentage of change of the 
studied variables. The final P and T outputs (which will be used in the scenarios) are the estimated 
future time series and used to develop three representative climate change scenarios. The observed 
meteorological values are referring to time series of 1960-2009 (present period) for Lake Karla 
watershed and for Volos is the period 2007-2012. The developed scenarios are: 


e The Mild (Conservative) Scenario, where annual temperature is increased by 6.39% and 
precipitation is decreased by 3.82% 


e The Middle (Average) Scenario, where T is increased by 8.30% and P is decreased by 7.57% 
e The Worst (Extreme) Scenario, where T is increased by 8.86% and P is decreased by 10.56% 


These scenarios caused an increased agricultural water demand and also an increased urban water 
demand. The new water demand of the city of Volos was calculated using the demand elasticities on 
P and T (Mylopoulos, 2015). The elasticities express the percentage that the studied variables affect 
the water consumption. 


The water supply from river Pinios, from Karla reservoir, from the aquifers and from Pelion springs, 
are considered to be the same (as designed in the studies of their operation). Also, the results of the 
study of Vasiliades and Loukas (2013) shows that the climate change does not affect the natural 
aquifer of Lake Karla, in contrast to human exploitation which is quite intense and requires immediate 
reassessment of water demands, before the situation becomes irreversible. The crop distribution can 
change only after managerial measures that will take into account the climate change, but on behalf 
of the farmers there cannot be such a prediction (as long as the consequences are not noticeable). So 
the crop distribution will be considered stable in the climate change scenarios. 


8 


Protection and restoration of the environment XIV 


4. RESULTS AND DISCUSSION 


The results of the simulation procedure described above, regarding the annual water balance, are 
showing below (Table 1 and Figure 4). The results show that the water balance of Lake Karla 
Watershed is negative, under every scenario, and this illustrates the reality of the watershed, meaning 
its excessive irrigation water overexploitation and degradation of water resources. The water balance 
of Lake Karla Watershed and of Volos, under the climate change scenarios becomes much more 
negative. In Scenario 2 the Lake Karla Watershed is negative again, but less negative than in the BAU 
scenario | (by 33.6%). This shows the importance and the need of the immediate operation of the 
reservoir. 


Table 1. The water balance for Lake Karla Watershed (LKW), under every management and 
climate change scenario 
Water Balance (hm?) 


Management a a as 

Scenarios Lake Karla ae ae ae uae LKW - worst climate 

Watershed (L.K.W.) ang ane change scenario 
scenario scenario 

Scenario 1 -186.9 -211.68 -225.94 -235.67 
Scenario la -87.6 -103.78 -113.19 -127.92 

Scenario 2 -124.1 -145.10 -158.51 -171.96 
Scenario 2a -25.1 -36.33 -48.81 -55.14 


The only complete study that examines the water balance of this watershed under climate change is 
the research program “Hydromentor” (2015). The differences between the meteorological changes 
are between 2.19% and 7.06%. Thus, the water balances of Lake Karla Watershed under the studied 
climate change scenarios are a little bit more extreme, compared with Hydromentor’s results, as 
presented in Tzabiras et al. (2016). 


The major difference between these studies is the primary data used for the climate scenarios 
development; the current study used the results from 10 simulations of the RCMs based on five (5) 
different GCMs referring to the RCPs, while Tzabiras et al. (2016) used one GCM’s results referring 
to the SRES scenarios. 


The effort for a more representative illustration of the different possible futures, lead us to the use of 
more meteorological models, which gives a wider uncertainty. Also in our study, eleven different 
crops of the watershed were taken into account, while Tzabiras et al. (2016) used four main crops, 
due to insufficient data. This fact also increases the uncertainties in the calculation of the irrigation 
water requirements and thus, the water balance. The results also show the big uncertainty that 
accompanies the climate change, and the difficulty to have accurate results, which is also a reality, as 
it depends on the predictions. 


The water balance of the city of Volos is slightly negative in the current situation, but with a 10% 
losses reduction, becomes positive, showing thus, the big effect that proper network maintenance can 
have on the coverage of the water needs. Volos’ water balance in Scenario 2 becomes positive, almost 
as much as the extra water supply of the new wells from Karla. Of course, not all this water amount 
is going to be used as an extra supply, but there will be a supply management. Lake Karla Watershed 
is obviously much more vulnerable under climate change. 
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Figure 4. The water balance for Volos city, under every management and climate change 
scenario 


5. CONCLUSIONS 


This paper has investigated the water availability in an agricultural watershed and a city, as a system, 
under management and climate change scenarios. The current study was not specifically designed to 
provide a new methodological framework, but it could be the basis for a better understanding of the 
situation and a starting point for the authorities to turn to a more sustainable water demand 
management. This work has proved once more that the agricultural areas, where the managerial 
control is not as strict as the urban areas, are more vulnerable. Also, another important finding is that 
the demand management has a bigger effect on the water balance, than the climate change, on the 
watershed. This can be justified from the fact that the management Scenario la results a change of 
53.11% and Scenario 2 results a change of 33.70% on Scenario’s 1 water balance, while the worst 
climate change scenario results a change of 26.03%. On the other hand, in the city we observe the 
opposite. However, Scenarios la, 2 and 2a result a positive water balance in Volos and in that case 
the extra amount of water has to be preserved with a temporary pause of the operation of some of the 
wells. Our investigations into this area are still in progress and seem likely to confirm these finding. 
The continuation of the research includes the examination of more demand management scenarios, 
technical, economic, social measures, and different water pricing policies. 
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Abstract 

The need of integrated surface water-groundwater management is well recognized, since this type of 
management can provide a comprehensive and coherent understanding of the water cycle on 
catchment-level, leading to the proper and efficient use of water. Moreover, integrated water 
resources management (IWRM) is strictly imposed by the European Union Framework Directive 
2000/60/EC and all relevant European and national legislation. An important role towards the 
successful implementation of IWRM plays the application of numerical modeling, through the 
coupling of hydrological models with groundwater flow models. Model coupling, even though it is a 
complex procedure including a number of conceptual and computational challenges, is widely used 
in modern IWRM. In this perspective, the present study investigates the interaction between surface 
water and groundwater on catchment-level by developing an integrated modeling system consisting 
of a hydrological and a groundwater model. The hydrological model was constructed within the 
framework of the widely used software Soil and Water Assessment Tool (SWAT), while the 
groundwater model was formed applying the MODFLOW code, which has evolved into the 
worldwide standard computer program used in groundwater modeling. The aforementioned models 
were interlinked and applied for the combined simulation of hydrological processes and groundwater 
flow in Upper Anthemountas basin. Moreover, a sensitivity analysis was performed in the case of 
groundwater flow model in order to investigate the impact of various model parameters (e.g. 
hydraulic conductivity, storativity, wells pumping rates, boundary conditions) on the model results 
(hydraulic head), which will be helpful in the case of a future calibration of the model. 


Keywords: integrated water resources management; hydrological modeling; groundwater modeling; 
surface water-groundwater interactions; Upper Anthemountas basin 


1. INTRODUCTION 


In various parts of the world, both surface water and groundwater resources are considered important 
for the sustainability of local society and ecosystems, since they preserve life and cover the various 
water needs (Shanafield et al., 2012; Simpson et al., 2013; Wu et al., 2015). For the better 
management of water resources in those regions, which is based on the principles of integrated water 
resources management (IWRS), a complete understanding and a thorough investigation of the 
integrated surface water-groundwater system are required (Spanoudaki et al., 2005; Cho et al., 2009; 
Wu et al., 2015). To accomplish this task, numerical modeling is usually implemented, through the 
coupling of hydrological models with groundwater flow models. In this way, a spatially and 
temporally detailed description of both the hydrological processes on basin level and groundwater 
flow is achieved (Sophocleous and Perkins, 2000; Barthel, 2006; Wu et al., 2014; Wu et al., 2015). 
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Even though numerical modeling is widely used in modern IWRM, the integration between 
hydrological and groundwater flow models is considered to be a complex procedure, since the 
interaction between the two regimes is influenced by a number of factors, such as subsurface 
hydraulic properties, surface water and groundwater flow patterns, topography, and type of land use 
(Sophocleous, 2002; Barthel, 2006; Chao et al., 2009). Taking the aforementioned factors into 
consideration, it is important that the model system is able to investigate the hydrologic effects in 
conjunction with the proper study of surface water-groundwater interaction. Moreover, with regard 
to groundwater flow study, it is essential to simulate the spatial occurrence and distribution of return 
flow (Kim et al., 2008). The combined use of SWAT - MODFLOW models is able to successfully 
address these issues (Sophocleous and Perkins, 2000; Kim et al., 2008). 


Within this context, in the present study an integrated modeling system applying the widely used 
computer codes, SWAT and MODFLOW, and consisting of a hydrological and a groundwater model 
was developed, in order to investigate surface water-groundwater interactions in the Upper 
Anthemountas basin. The governing equations solved by SWAT and MODFLOW can be found in 
Winchell et al. (2013) and McDonald and Harbaugh (1988) respectively. Regarding the simulation 
of hydrological processes, a model developed in a previous study (Sevastas et al., 2017a) was used, 
while concerning the groundwater flow simulation, a transient model was formed. This model was 
based on both the aforementioned hydrological model and a calibrated steady-state model already 
developed for the reference area (Sevastas et al., 2017b). The key point of the whole procedure is that 
the outputs of the hydrological model in terms of water percolation are introduced as inputs to the 
groundwater flow model, providing the aquifer recharge deriving from precipitation. Furthermore, a 
sensitivity analysis regarding the groundwater flow model was conducted in order to: a) gain insight 
into model behavior and b) identify those model parameters (e.g. hydraulic conductivity, storativity, 
wells pumping rates, boundary conditions) that affect most the model results and, therefore, should 
be taken seriously into account during a future model calibration (Carrera et al., 2010; Siarkos and 
Latinopoulos, 2016). 


2. STUDY AREA 


The Upper Anthemountas sub-basin, being the eastern part of the entire Anthemountas basin, is 
located in Halkidiki Peninsula, Greece, south east of the city of Thessaloniki (Figure 1). The basin 
covers an area of approximately 110 km’, and is bordered to the west by the Lower Anthemountas 
basin and to the south by the Nea Moudania basin. The climate of the study area is typically 
Mediterranean with relatively low annual precipitation (470 mm) and high temperatures during 
summer (Latinopoulos, 2001; Sevastas et al., 2017a, 2017b). 


The Upper Anthemountas basin is a typical rural area dominated by complex cultivation patterns 
(wheat, corn, cotton, alfalfa and olive trees) and mixed forest (mainly various types of oaks along 
with Platanus and Chestnuts trees). Water demand in the region is confined mainly to drinking and 
irrigation, and is met respectively through few public supply wells and a large number of privately 
owned irrigation wells. Moreover, there are few wells for both livestock and industrial purposes, as 
shown in Figure 1. Currently water needs in the region are exclusively covered by a semi-confined 
aquifer system, consisting of successive water-bearing layers without regular geometric growth, 
separated by lenses of semi-permeable or impermeable materials. From hydrological point of view, 
the catchment consists of a dense well-formed stream network. Most time of the year, surface flow 
of the river is very limited due to low precipitation and to the fact that some upper geological layers 
are comprised of semi-permeable soils. As a result, the river appears to have surface outflows only 
for a short time after intense rainfall (Latinopoulos, 2001; Sevastas et al., 2017a, 2017b). 
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Figure 1. Boundaries of the Upper Anthemountas basin and the aquifer under study, along 
with the location of the operating wells per water use 


3. HYDROLOGICAL MODELING 


For the purposes of the present study, a hydrological model previously developed by Sevastas et al., 
(2017a) was adopted and kept intact. In short, the vital input data used in this model are classified 
into four major categories: i) topography (elevation), ii) land cover, iii) soil, and iv) climate data. 
Specifically, a topographic map was created by digitizing contours from twenty three connected 
Hellenic Military Geographical Service (HMGS) map sheets that cover the entire basin, with a scale 
of 1:5000. The map was then transformed into a Digital Elevation Model (DEM) in order to delineate 
the watershed. Multiple field inspections were performed in the study area so as to update the 
available CORINE2000 land use map and produce a more accurate land cover status of the reference 
area. A soil map was produced by collecting and analyzing thirty two soil samples from all over the 
study area. Figure 2 depicts all input spatial layers imported to the model. In addition, a ten year 
weather dataset (2002 to 2011) was applied for the simulation, containing precipitation and 
temperature values, obtained from the National Agricultural Research Foundation (NAGREF) 
climate station, which is located 15 kilometers away from the center of the basin. An in-depth 
description regarding all the aforementioned essential input data is fully presented in Sevastas et al. 
(2017a). 


The model was run for a 10-year period, from 01/01/2002 to 31/12/2011, with a 2-year warm up 
period (years 2002 and 2003) in order to define the initial conditions. Model outputs concerning 
precipitation, evapotranspiration, recharge and surface runoff, were obtained on a monthly step for 
eight years (2004 to 2011) and are presented in Figure 3. According to this figure, poor values of 
surface runoff were generated. However, this is consistent with the fact that surface outflows in the 
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basin emerge only for a short period of time and, mainly, after intense rainfall events. It should be 
mentioned that the recharge values estimated were introduced as inputs to the groundwater model. 
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Figure 3: SWAT model results in Upper Anthemountas basin for years 2004 to 2011, in terms 
of precipitation (PREC), evapotranspiration (ET), recharge and surface runoff (SURQ) 
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4. GROUNDWATER MODELING 


4.1 Conceptual model development 

A prerequisite for the development of the transient model is the development of the conceptual model 
of the aquifer under study (Latinopoulos and Siarkos, 2014). In the present study, the conceptual 
model formed by Sevastas et al. (2014) and improved in Sevastas et al. (2017b) was used, while 
making certain modifications related to the nature of the problem under study (transient simulation). 
These modifications were necessary since in the previous studies only steady-state simulations were 
conducted, and they include: 


e Determination of the aquifer’s storativity which was based on values derived by previous research 
conducted in the study area (Latinopoulos, 2001). According to this study, storativity values range 
between 4.3*10~ and 6.2*107. Since no reliable number of pumping tests exist and since they are not 
properly distributed, thereby making it difficult to assign different storativity zones by applying the 
Thiessen Polygon method (Sevastas et al., 2014), it was assumed that storativity: a) remains constant 
throughout the whole study area and b) is equal to the mean value (3.1*10°) of the aforementioned 
value range. 


e Re-estimation of the equivalent pumping rate of irrigation wells, which is based on the total 
amount of water used for irrigation purposes and the total number of irrigation wells existing in the 
study area, since they operate only during the pumping/irrigation period (May-September, 5-month 
irrigation period). With regard to the other well categories, i.e. domestic, livestock and industrial 
wells, no re-calculation is required since it was considered that they operate during the whole year, 
as it is in the case of the steady-state simulation. Furthermore, what is worth mentioning is that for 
the calculation of the irrigation wells pumping rates, the total amount of irrigation water defined 
during the calibration procedure of the steady-state model developed by Sevastas et al., (2017b), was 
taken into consideration. 


Re-calculation of the amount of water returning to the aquifer as irrigation return flow, based on the 
total amount of irrigation water defined during the calibration procedure of the steady-state model 
and assuming that 15% of irrigation water returns into the aquifer. 


4.2 Transient model development 

The groundwater flow simulation procedure involved the development of a transient model based on 
the hydrological model described in Section 3 and a calibrated steady-state model developed in a 
previous study (Sevastas et al., 2017b). As already mentioned, the outputs of the hydrological model 
as far as the percolation values are concerned were introduced as inputs to the transient model to 
obtain the aquifer recharge values resulting from precipitation. On the other hand, the values of 
various parameters as they were set in the steady-state model (e.g. boundary conditions) or they were 
adjusted during its calibration procedure (e.g. hydraulic conductivity), were assigned to the transient 
model. With regard to other model parameters, such as storativity, irrigation wells pumping rates and 
irrigation return flow, their values were based on the description made in Section 4.1. Furthermore, 
the results of the steady-state model with regard to the hydraulic head distribution were introduced as 
initial conditions to the transient model. Finally, the spatial discretization of the model was kept 
identical to the steady-state one (Sevastas et al., 2017b), while an 8-year simulation period was 
considered (2004-2011, equal to the simulation period of the hydrological model), which was divided 
into 96 monthly stress periods. The purpose of this simulation is twofold: a) to get a generic image of 
aquifer’s behaviour under certain recharge and discharge conditions, as well as of the temporal 
variation of groundwater levels and b) to examine how the coupling between the hydrological and 
the groundwater flow models works at an initial stage. Due to the aforementioned reasons, no 
calibration of the transient model was performed. 


The results of the transient simulation are expressed as water table contours maps and hydraulic head 
evolution chart, along with mass water balances for the model domain. First of all, Figure 4 depicts 
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the difference in hydraulic head distribution between the beginning (2004) and the end (2011) of the 
simulation period. It is observed that in most parts of the region, with an exception of a part located 
north-east of the study area (at a close distance to the eastern boundary), groundwater levels decrease 
(hydraulic head at the beginning of simulation is higher than in the end). 
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Figure 4. Difference (in m) in hydraulic head distribution between the beginning (2004) and 
the end (2011) of the simulation period. 


Moreover, in Figure 5 the time variation of the hydraulic head (mean values) is illustrated. What is 
worth mentioning is that hydraulic head follows a downward trend on annual base from the beginning 
of the simulation (Jan-2004) until the end of the year 2009 (Dec-2009), and an upward trend from 
this point until the end of the simulation period (Dec-2011). This is wholly attributed to the fact that 
aquifer’s recharge values in years 2010 and 2011 are presented rather high in relation to previous 
years as clearly displayed in Figure 3. Moreover, it should be noted that the largest hydraulic head 
decline occurs during the irrigation period (May-September), when the irrigation wells are fully 
operational leading to substantial increase of aquifer discharge. 


Finally, Figure 6 shows the monthly distribution of the mean values of the water balance components 
of the Upper Anthemountas aquifer. In this figure, the term “Recharge” refers to the water inflow into 
the aquifer system, while “CHB” (Constant Head Boundaries) and “Wells” correspond to the outflow 
from the system. Inflow to the system is also observed through the eastern aquifer boundary, but in 
rather low quantities that cannot be depicted in the diagram. The main conclusion stemming from this 
figure is that the water outflow is higher than the water inflow during the pumping season (May- 
September), whereas the reverse occurs during the non-pumping season (October-April). 


5. SENSITIVITY ANALYSIS 

After the development and application of the hydrological and groundwater flow models, as well as 
their coupling procedure, a sensitivity analysis in the case of the transient groundwater flow model 
was performed. The analysis aims to investigate the influence of the model’s input parameters upon 
the results of the model, i.e. hydraulic head distribution, and identify those parameters that are most 
sensitive and should be taken seriously into account during a future model calibration procedure. The 
model parameters that were considered during the sensitivity analysis were hydraulic conductivity, 
storativity, irrigation wells pumping rates, and boundary conditions, omitting aquifer’s recharge since 
it derives from the hydrological model. The procedure was implemented by modifying only one input 
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parameter at a time while keeping the others constant (Don et al. 2005; Siarkos and Latinopoulos, 
2016). 
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Figure 5. Time variation of hydraulic head (mean values) in the study area. 
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Figure 6. Monthly distribution of the water balance components (mean values) of the aquifer 
under study. 


Figure 7 presents the influence of the model parameters examined through the sensitivity analyis on 
the hydraulic head (mean value) at the end of the simulation period (2011). The whole procedure 
includes the estimation of the hydraulic head variation due to the modification of the parameters 
examined for +5, +10, +15 and +20%. Based on Figure 7, the parameter of major influence on the 
hydraulic head is the eastern boundary of the aquifer. With regard to the other parameters, pumping 
rates of irrigation wells has remarkable influence on the hydraulic head values, while storativity is 
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the parameter which is characterized by the smallest effect. Finally, it should be noted that increase 
of the hydraulic head values assigned to both aquifer boundaries, as well as of the aquifer storativity, 
results in groundwater levels increase in the study area. Higher increase is observed in the case of 
modifying aquifer boundaries. On the contrary, increase of aquifer’s hydraulic conductivity and 
irrigation wells pumping rates leads to hydraulic head decline. 


Hydraulic Head (m) 


=s -k -<-EB --WŴB Q 


Figure 7. Influence of the various model parameters (S - storativity, k - hydraulic 
conductivity, EB - Eastern Boundary, WB - Western Boundary, Q - pumping rates) on the 
hydraulic head (mean values) at the end of the simulation period (2011). 


6. CONCLUSIONS 


In the present study, surface water-groundwater interactions in the Upper Anthemountas basin were 
investigated through the development of an integrated modeling system consisting of a hydrological 
and a groundwater flow model. In the first case, a hydrological model developed in a previous study 
was adopted, while, in the second case, a transient groundwater flow model, based on a previously 
developed steady-state model, was built. The two models were applied for a 8-year time period (2004- 
2011), while their connection was established through the introduction of the hydrological model 
outputs, in terms of aquifer recharge, as inputs to the groundwater model. Finally, a sensitivity 
analysis in the case of the groundwater model was carried out as an initial stage for a future model 
calibration. 


Regarding the results of the hydrological processes simulation, poor values of surface runoff were 
produced, which is consistent with the fact that surface outflows in the basin emerge only for a short 
period of time. Moreover, high recharge values were observed beyond the year 2010 in relation to 
previous years, a fact which greatly affects the results of the groundwater flow model. Concerning 
the groundwater model, the results indicate that, in general, groundwater levels decrease over time in 
the study area mainly due to groundwater abstraction for irrigation purposes. The major decline of 
hydraulic head is observed during the irrigation period (May-September), when irrigation wells start 
operating. Finally, as far as the sensitivity analysis is concerned, results reveal that aquifer’s eastern 
boundary is the most sensitive parameter considerably affecting the hydraulic head values in the study 
area. Irrigation wells pumping rates is the second most sensitive parameter, while storativity appears 
to have minimum influence on the model. 
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For future research, calibration of both the hydrological and the groundwater flow models has to be 
conducted in order to improve the integrated modeling system and develop a reliable projection and 
management tool for the area under study. In this case and as far as the groundwater flow model is 
concerned, great caution regarding the definition of the aquifer’s boundary conditions and more 
specifically the determination of the hydraulic head values assigned to them has to be given, since 
they greatly affect model results. 
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Abstract 

One of the fundamental issues of hydrology is the rainfall-runoff relationship and streamflow 
forecasting that plays an important role in water balance. Up-to-date a large number of models have 
been developed to simulate the relationship of rainfall-runoff and forecasting the streamflow. In the 
present study a comparison between stochastic and machine learning methods is performed with 
respect to their forecasting capabilities and their performance and reliability in short term streamflow 
forecasting is evaluated. For this purpose, five popular methods were employed, two stochastic 
methods and three machine learning models, specifically Auto Regressive Moving Average 
(ARMA), Auto Regressive Integrated Moving Average (ARIMA), Multilayer Feed-Forward 
Artificial Neural Network (MFNN), Bayesian Neural Networks (BNN) and Ensemble methods 
(Boosting). The daily rainfall and streamflow data of two mountainous watersheds were used as a 
case study for developing the rainfall-runoff models. The performance and reliability of the models 
were evaluated through three different criteria: correlation coefficient, root mean square error and 
mean absolute error. Each criterion is represented by an efficiency indicator, estimated from the 
comparison of predicted values and the measured targets that have been initially placed. The objective 
of this paper is to illustrate the effectiveness of stochastic and machine learning models in streamflow 
forecasting. Our results show that both the stochastic and machine learning models can successfully 
approximate the rainfall-runoff relationship and efficiently estimate the resulting streamflow. The 
results from the individual methods do not differ dramatically and by and large all models have good 
performance and provide accurate predictions, but the best performing model is BNN. 


Keywords: streamflow forecasting; ARMA; ARIMA; artificial neural networks, Bayesian neural 
networks; boosting 


1. INTRODUCTION 


Streamflow forecasting is very significant for watershed management. Planning and development of 
many water management applications require reliable streamflow predictions. Water management 
includes treatment and supply of drinking water, flood control works, water resources management, 
hydropower generation, construction of complex hydraulic works, optimal environmental operations, 
etc (Wang et al., 2009; Guo et al., 2011; Huang et al, 2014). A widespread technique used by many 
researchers for hydrologic time-series modeling is stochastic hydrology, including autoregressive 
moving average (ARMA) and autoregressive integrated moving average (ARIMA) models (Valipour 
et al., 2012, 2013). The key feature of these models is the assumed linearity of the relationship 
between inputs and outputs. However, in real terms the relationship between rainfall and runoff is 
nonlinear and, in addition, has a large degree of uncertainty. 
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Machine learning methods are an alternative and complementary set of techniques to traditional 
models. Since the early nineties extensive research has been devoted in the science of hydrology to 
investigating the potential of Artificial Neural Networks (ANN) as computational tools that simulate 
the nonlinear relationship of complex hydrological phenomena. Artificial neural networks have been 
successfully used in hydrology-related areas, such as streamflow forecasting, groundwater modeling, 
watershed management and rainfall-runoff simulation (ASCE Task Committee, 2000). In the last 
decades many non-linear data-driven models, such as multilayer feed-forward Artificial Neural 
Network (MFNN) (Zealand et al., 1999; Sahoo and Ray, 2006; Botsis and Latinopoulos, 2010; Botsis 
et al., 2011), Bayesian Neural Networks (BNN) (Khan and Coulibaly, 2006; Humphrey et al., 2016), 
and Ensemble methods (Boosting) (Erdal and Karakurt, 2012), have been proposed for rainfall-runoff 
simulation and streamflow forecasting. 


The present study aims to compare ARMA and ARIMA models with machine learning methods, 
based on streamflow forecasting. The autoregressive and machine learning models were programmed 
in MATLAB software environment. The models were applied on data from two mountainous 
catchments in Greece: 1) Venetikos river watershed with total area 491.9 m? and 2) Kalarrytikos river 
watershed with total area 103.7 m°’. 


2. SIMULATION MODELS 


2.1 ARMA and ARIMA models 
The ARMA(p,q) is one of the most common methods in time series analysis and the assumed model 
follows equation (1). 


Yt = _ Pi* Yt-i — Da Oi Et-i + & (1) 


where y is the output (streamflow) at time t, p is the order of autoregressive model, q is the order of 
moving average model, ọ is the vector of autoregressive parameters, 8 is the vector of moving average 
parameters and & is white noise (Wei, 2006). The ARIMA(p,d,q) model is defined by the expression 
(2). 


Yt = a Pi Yt-i + 2a Yi ` Xt-i Z IAR Oi ` Eti + Št (2) 


where d is the differentiation order in the regular or nonregular part of the stationary series and yi 1s 
the weight parameter of the exogenous input x: (rainfall). It should be noted that in equation (2) when 
d = 0, the ARIMA model becomes ARMA (Wei, 2006). 


2.2 Artificial Neural Networks 

The most common neural network used in hydrology applications is the multilayer feed-forward 
network, trained with the back-propagation algorithm (ASCE Task Committee, 2000). The back- 
propagation algorithm, introduced by Rumelhart et al (1986), is essentially a gradient-descent 
technique that minimizes the network error function (Haykin, 1999, ASCE Task Committee, 2000). 
The neural network employed in this investigation is the multilayer feed-forward model, trained with 
back-propagation. For streamflow forecasting, a network with one hidden layer was trained. More 
specifically, the networks were designed with thirteen inputs for the first watershed and seven inputs 
for the second watershed, h neurons in the hidden layer (testing 2, 3, 4, 7, 8, 10, 20 and 50 neurons) 
and one neuron in the output layer (the architecture of the neural network is shown in Figure 1). 
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Figure 1. (a) Architecture of Multilayer Feed-forward Neural Network (MFNN) for 
Ventetikos watershed and (b) architecture of Bayesian Neural Network (BNN) for 
Kalarrytikos watershed. 


The Levenberg-Marquardt version of Back-Propagation was selected as the learning algorithm, 
because it is faster and more reliable than any other back-propagation flavors (Jeong and Kim, 2005). 
The computation of the local gradient for each neuron of the neural network requires knowledge of 
the derivative of the transfer function associated with that neuron. For this derivative to exist, the 
function should be continuous. In basic terms, differentiability is the only requirement that a transfer 
function has to satisfy (Haykin, 1999). The transfer function should be differentiable, as most training 
algorithms in multilayer networks are based on optimization methods that use first- and second-order 
derivatives. In this study the hyperbolic tangent function (expression 3) is used, which is continuous, 
differentiable, and monotonically increasing. 


1-e7* 
1+e7* 


g(x) = (3) 


The output layer provides a linear activation function, so the output range is between -o and ©. For 
the early stopping of the training process the cross validation method was used, which sets an 
acceptable error level for training and stops training when the mean square error reaches a minimum 
in the validation phase. 


2.3 Bayesian Neural Networks 

When the neural network learning process is implemented in the Bayesian framework, the weights w 
of the neural network are considered random variables (Foresee and Hagan, 1997). According to 
Bayes theorem, the posterior probability distribution p(w | D) conditioned on the data set D is given 
by the expression 4. 


_ pW|w)yp(w) 
posso (4) 


where p(D | w) is the data likelihood function, p(w) is the prior weight distribution, p(D) is a 
normalizing factor known as the marginal distribution, which ensures that the total probability is 
equal to unity (Bishop, 2005). The Bayesian Neural Network (BNN) employed here is a two-layer 
feed-forward network trained with the Bayesian regularization back-propagation algorithm. More 
specifically the networks were designed with thirteen inputs for the first watershed and seven inputs 
for the second watershed, h neurons in the hidden layer (testing 2, 3, 4, 7, 8, 10, 20 and 50 neurons) 
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and one neuron in the output layer (see Figure 1). The activation function used is the hyperbolic 
tangent. 


2.4 Boosting algorithm 

Boosting algorithms for regression (Freund, 1995; Freund and Schapire, 1995) can reduce the error 
rate, when a small number of big errors contribute a significant part of the mean squared error. 
Avnimelech and Intrator (1999) proposed a boosting algorithm for forecasting optimization and in 
this study one of the Boosting algorithms proposed by Avnimelech and Intrator was used. 


The proposed boosting algorithm consists of three estimators trained in a hierarchical fashion. All 
learners have the same BNN architecture described in Figure 1 with variable number of neurons in 
the hidden layer. The first learner (L1) is trained and then simulated with the original data set (1,T). 
Next, the errors (symbolized with “err”), which are the absolute value of differences between targets 
T and outputs values y, were calculated. Then the y parameter is used for error evaluation and for 
forming the training data sets of the next two learners. After experimental tests it was found that the 
optimum value of y is 0.01. 


The next stage separates small and large errors based on the parameter y. In particular, errors that are 
larger than y (errors> y) are classified as “bad” while the errors that are smaller or equal to y (errors<y) 
are classified as “good”. The training data set of the second learner (L2) comprises 50% of patterns 
whose errors are larger than y (classified as “bad’’) and the remaining 50% consists of patterns whose 
errors are smaller or equal than y (classified as “good”). The input data set of second learner are 
symbolized with I2 and the corresponding target data set with T2. 


The second learner (L2) was trained and simulated with the data set I2, T2 and the final output was 
symbolized with y2. The errors (symbolized with “err2”) are the absolute values of differences 
between targets T and outputs values y2. In the next stage the inputs and the targets of the third learner 
are configured by selecting patterns that satisfy the following conditions: (1) the absolute value of the 
error of the first learner (err) is larger than y and the absolute value of the error of the second learner 
(err2) is smaller or equal than y, or (2) the reverse, that is the absolute value of the error of the first 
learner (err) is smaller or equal than y and the absolute value of the error of the second learner (err2) 
is larger than y or (3) the absolute value of the error of the first learner (err) is larger than y and the 
absolute value of the error of the second learner (err2) is larger than y and the product of errors 
(err*err2) is smaller than zero. The input data set of the third learner was symbolized with I3 and the 
corresponding target data set with T3 and the final output is the median of the three sequential learner 
outputs (y, yl, y3). Figure 2 shows the overall model and the flow diagram of the simulation process 
of Boosting algorithm. The proposed boosting algorithm was tested using sixteen different learner 
configurations (see Table 3) 
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Figure 2. Architecture of Boosting algorithm. 
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3. EVALUATION OF PERFORMANCE 

Four different evaluation criteria were used to measure the performance and reliability of the models. 
Each criterion is represented by an efficiency indicator, estimated from the comparison of predicted 
values and the measured targets. 


The root mean square error (RMSE) is a measure of the differences between values predicted by a 
model or an estimator and the values actually observed (expression 5). 


RMSE = [EL Ci- yp? (5) 


The mean absolute error (MAE) describes the average magnitude of the errors, without considering 
their direction, i.e. a linear term that expresses that all the differences (errors) are weighted equally 
(Anctil et al., 2008). The average absolute error is the average of the absolute values of differences 
between prediction and actual observation of the sample of all the data under consideration 
(expression 6). 


MAE = ~YiL4lxi — yil (6) 


The correlation coefficient (R-value) is a measure of the linear regression between the predicted 
values and the targets of models (expression 7). 


N na oe 
R= vin Xi x)Qi-y) (7) 
Bhero fe o) 


Finally, the Nash—Sutcliffe (NSE) efficiency coefficient was employed to estimate the accuracy of 
the models (expression 8). 


NSE = j= Da 1i- yi)? Si Gea (8) 


5L (xiz X 


In all equations above N is the number of samples, xi and yi are the target and predicted values for 
i=1,....,n, and x and y are the mean values of the target and predicted data set, respectively. 


A better agreement between target and predicted values is expressed by an R-value as close to unity 
as possible. At the same time, RMSE, MAE and NS values close to zero show that predictions from 
the models are more precise. 


4. DATA PREPARATION 


For the Venetikos river watershed there are four rain gauging stations and one river stage gauging 
station, placed on a bridge (Trikomo) at the exit of the watershed. Time series of daily precipitation 
data were obtained for each rain gauging station, while time series of daily discharges were obtained 
from Trikomo gauging station for a time period from 1/10/1996-30/9/2010. For the Kalarrytikos river 
watershed the precipitation data were obtained from two meteorological stations and the river stage 
data were obtained from the gauging in the Kipina bridge. The period for the precipitation and river 
stage record is 1/10/1995-30/9/2010. 


For the machine learning models the input data is the precipitation at times t, t-1 and t-2 as well as 
the streamflow at time t-1 (t corresponds to days). For ARMA and ARIMA the same step was 
followed, with the large history t-i in some cases. In all models the target is the streamflow at time t. 
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The data are normalized in the range O to +1 and a regression analysis was carried out with the 
measured data. After training the models, their outputs were denormalized and their corresponding 
denormalized predicted data were obtained. The values of evaluation criteria were calculated from 
denormalized data. 


For the ANN models the data are randomly divided into three sets: training, testing, and validation. 
While 70% of the data are used for training, 15% are used for validation and the rest 15% are used 
for testing. An important concept in BNN is that, since the evidence can be evaluated using the 
training data, Bayesian methods are able to deal with the issue of model complexity, without the need 
to use cross-validation method (separation of training, validation and testing data). The BNN 
automatically embodies Occam’s razor that penalizes over complex models and for this reason is too 
difficult to get overfitting (Bishop, 2005). However each model or learner for ANN, BNN and 
Boosting algorithm was executed 10 times and the average root mean square error and average 
correlation coefficient were calculated in order to avoid either a very good or a very bad simulation. 
For the ARMA and ARIMA models the 70% of the data were used for training and the 30% of data 
were used for testing. 


5. RESULTS 


Numerical values of the RMSE, R, MAE and NSE performance indexes for the 5 different models 
(ANN, BNN, Boosting algorithm, ARMA, ARIMA) are shown in Tables 1, 2, 3, 4 and 5. From the 
simulation results of ANN (Table 1) it is easily noticed that the architectures 7—10-1 for Venetikos 
river and 7—20-—1 for Kalarrytikos river were superior to all others. Respectively, from the simulation 
results of BNN (Table 2) it is concluded that the architecture with 50 neurons in the hidden layer for 
both watersheds was the best. For the Boosting algorithm, the values of the evaluation criteria indicate 
that the best model has 50 hidden neurons for first estimator, 35 hidden neurons for the second one 
and 15 hidden neurons for the third one for both watersheds. Finally, the best stochastic models are 
the ARMA(3,3) and ARIMA(3,3,2) for the Venetikos river and ARMA(2,3) and ARIMA(3,3,3) for 
the Kalarrytikos river. By comparing the models with each other, it turns out that the best, for both 
watersheds, is the BNN. However, it should be noted that all machine learning and stochastic models 
responded fairly well to the simulations and the differences between them are very small. 


Table 1: Indicators of ANN models performance 


ANN Venetikos (13 inputs units) Kalarrytikos (7 inputs units) 


architecture RMSE |R MAE NSE RMSE |R MAE NSE 


13 or 7-2-1 | 0.12322 | 0.96802 | 0.06174 | 0.93589 | 0.10018 | 0.92084 | 0.05277 | 0.84762 
13 or 7-3-1 | 0.13132 | 0.96303 | 0.06145 | 0.92536 | 0.09999 | 0.92123 | 0.05245 | 0.84818 


13 or 7-4-1 | 0.12355 | 0.96755 | 0.06094 | 0.93551 | 0.09916 | 0.92258 | 0.05151 | 0.85069 


13 or7—7-1 | 0.12435 | 0.96800 | 0.06412 | 0.93446 | 0.09904 | 0.92265 | 0.05127 | 0.85104 
13 or7—8-1 | 0.12287 | 0.96816 | 0.06301 | 0.93615 | 0.09854 | 0.92365 | 0.05140 | 0.85255 


13 or 7—10-1 | 0.12036 | 0.96927 | 0.06009 | 0.93880 | 0.09912 | 0.92303 | 0.05219 | 0.85081 


13 or 7— 20-1 | 0.12854 | 0.96675 | 0.07018 | 0.92950 | 0.09847 | 0.92359 | 0.04982 | 0.85277 
13 or 7-50 -1 | 0.12453 | 0.96751 | 0.06183 | 0.93435 | 0.09870 | 0.92412 | 0.05160 | 0.85200 
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Table 2: Indicators of BNN models performance 


BNN Venetikos (13 inputs units) Kalarrytikos (7 inputs units) 
architecture | RMSE |R MAE |NSE |RMSE |R MAE | NSE 

13 0r7—2-1 | 0.11225 | 0.97305 | 0.05671 | 0.94680 | 0.09893 | 0.92272 | 0.05061 | 0.85141 
13 0r7—3-1 | 0.10994 | 0.97416 | 0.05583 | 0.94895 | 0.09798 | 0.92424 | 0.04994 | 0.85423 
13 or7—4-1 | 0.09695 | 0.97567 | 0.05479 | 0.95191 | 0.09725 | 0.92543 | 0.04972 | 0.85641 
13 0r7—7-1 | 0.09914 | 0.97902 | 0.05197 | 0.95850 | 0.09430 | 0.93004 | 0.04853 | 0.86497 
13 or7—8-1 | 0.09800 | 0.97953 | 0.05180 | 0.95947 | 0.09382 | 0.93077 | 0.04833 | 0.86634 
13 or 7—10-1 | 0.09379 | 0.98126 | 0.05017 | 0.96286 | 0.09164 | 0.93406 | 0.04759 | 0.87247 
13 or 7—20 -1 | 0.08087 | 0.98610 | 0.04514 | 0.97241 | 0.08663 | 0.94130 | 0.04525 | 0.88605 
13 or 7—50 -1 | 0.05690 | 0.99316 | 0.03382 | 0.98633 | 0.07465 | 0.95676 | 0.04024 | 0.91538 


Table 3: Indicators of Boosting algorithm models performance 
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Table 4: Indicators of ARMA models performance 


Venetikos Kalarrytikos 
ARMA(p,q) 
RMSE |R MAE NSE RMSE |R MAE | NSE 

(1,1) 0.17024 | 0.93846 | 0.07128 | 0.87769 | 0.12764 | 0.87267 | 0.05680 | 0.75263 

(1,2) 0.16836 | 0.93925 | 0.07272 | 0.88038 | 0.12446 | 0.87675 | 0.05844 | 0.76480 

(1,3) 0.16730 | 0.93974 | 0.07361 | 0.88188 | 0.12402 | 0.87715 | 0.05902 | 0.76647 

(2,1) 0.17008 | 0.93866 | 0.07067 | 0.87791 | 0.12781 | 0.87350 | 0.05596 | 0.75198 

(2,2) 0.16606 | 0.94031 | 0.07434 | 0.88363 | 0.12351 | 0.87754 | 0.05998 | 0.76838 

(2,3) 0.16604 | 0.94031 | 0.07434 | 0.88365 | 0.12319 | 0.87781 | 0.06083 | 0.76957 

(3,1) 0.16608 | 0.94029 | 0.07435 | 0.88359 | 0.12363 | 0.87725 | 0.06009 | 0.76794 

(3,2) 0.16604 | 0.94030 | 0.07433 | 0.88365 | 0.12331 | 0.87776 | 0.06045 | 0.76914 

(3,3) 0.16603 | 0.94032 | 0.07437 | 0.88366 | 0.12349 | 0.87755 | 0.06009 | 0.76846 

Table 5: Indicators of ARIMA models performance 
Venetikos Kalarrytikos 
ARIMA (p,d,q) 
RMSE |R MAE NSE RMSE |R MAE | NSE 

(1,1,1) 0.16580 | 0.94119 | 0.07188 | 0.88399 | 0.12475 | 0.87845 | 0.05505 | 0.76373 
(1,1,2) 0.16531 | 0.94134 | 0.07252 | 0.88468 | 0.12302 | 0.88029 | 0.05655 | 0.77024 
(1,1,3) 0.16469 | 0.94159 | 0.07340 | 0.88553 | 0.12275 | 0.88043 | 0.05689 | 0.77121 
(1,2,1) 0.16543 | 0.94132 | 0.07221 | 0.88451 | 0.12455 | 0.87879 | 0.05499 | 0.76449 
(1,2,2) 0.16518 | 0.94139 | 0.07252 | 0.88485 | 0.12301 | 0.88031 | 0.05656 | 0.77025 
(1,2,3) 0.16466 | 0.94160 | 0.07340 | 0.88558 | 0.12270 | 0.88040 | 0.05728 | 0.77143 
(1,3,1) 0.16524 | 0.94141 | 0.07241 | 0.88477 | 0.12447 | 0.87889 | 0.05522 | 0.76476 
(1,3,2) 0.16484 | 0.94154 | 0.07299 | 0.88532 | 0.12285 | 0.88051 | 0.05680 | 0.77084 
(1,3,3) 0.16449 | 0.94169 | 0.07360 | 0.88581 | 0.12256 | 0.88060 | 0.05753 | 0.77195 
(2,1,1) 0.16566 | 0.94120 | 0.07223 | 0.88419 | 0.12388 | 0.87699 | 0.05944 | 0.76699 
(2,1,2) 0.16477 | 0.94147 | 0.07316 | 0.88542 | 0.12286 | 0.88032 | 0.05671 | 0.77081 
(2,1,3) 0.16451 | 0.94165 | 0.07346 | 0.88578 | 0.12275 | 0.88042 | 0.05690 | 0.77122 
(2,2,1) 0.16541 | 0.94134 | 0.07213 | 0.88453 | 0.12437 | 0.87951 | 0.05489 | 0.76513 
(2,2,2) 0.16335 | 0.94224 | 0.07438 | 0.88740 | 0.12194 | 0.88066 | 0.05967 | 0.77423 
(2,2,3) 0.16334 | 0.94225 | 0.07437 | 0.88741 | 0.12165 | 0.88095 | 0.06025 | 0.77532 
(2,3,1) 0.16518 | 0.94145 | 0.07234 | 0.88485 | 0.12219 | 0.87984 | 0.06036 | 0.77331 
(2,3,2) 0.16320 | 0.94236 | 0.07446 | 0.88759 | 0.12184 | 0.88089 | 0.05962 | 0.77462 
(2,3,3) 0.16319 | 0.94237 | 0.07449 | 0.88761 | 0.12162 | 0.88102 | 0.06022 | 0.77542 
(3,1,1) 0.16496 | 0.94138 | 0.07296 | 0.88516 | 0.12312 | 0.88021 | 0.05629 | 0.76985 
(3,1,2) 0.16464 | 0.94151 | 0.07340 | 0.88560 | 0.12275 | 0.88019 | 0.05721 | 0.77124 
(3,1,3) 0.16434 | 0.94171 | 0.07366 | 0.88602 | 0.12264 | 0.88037 | 0.05723 | 0.77164 
(3,2,1) 0.16327 | 0.94231 | 0.07434 | 0.88750 | 0.12196 | 0.88060 | 0.05967 | 0.77417 
(3,2,2) 0.16327 | 0.94230 | 0.07435 | 0.88750 | 0.12194 | 0.88065 | 0.05969 | 0.77424 
(3,2,3) 0.16327 | 0.94230 | 0.07434 | 0.88750 | 0.12162 | 0.88099 | 0.06023 | 0.77543 
(3,3,1) 0.16317 | 0.94240 | 0.07449 | 0.88763 | 0.12193 | 0.88066 | 0.05966 | 0.77428 
(3,3,2) 0.16317 | 0.94239 | 0.07449 | 0.88764 | 0.12166 | 0.88107 | 0.06009 | 0.77526 
(3,3,3) 0.16318 | 0.94237 | 0.07452 | 0.88763 | 0.12162 | 0.88104 | 0.06025 | 0.77542 


The comparison of the prediction values against the observed data is presented in Figure 3 for 
Venetikos river and in Figure 4 for Kalarrytikos river. The targets of the model are represented with 
blue continues line and the prediction values of models are represented with different lines (colors 
and shape). More specifically the ANN model is represented with red dashed line, the BNN model 
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with green dashed-dotted line, the Boosting model with purple dashed (large dashes) line, the ARMA 
model with light blue dashed (small dashes) line and the ARIMA model with orange dotted line. The 
very good performance of all models in both watersheds and for both the regular runoff and peak 
flows is evident from these figures. Moreover, the models successfully predicted the extreme peak 
streamflows which appeared at the time series. The successful prediction of extreme events is very 
important for the streamflow prediction because they are the cause of floods. 
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Figure 4. Predicted streamflow compared with corresponding flows in Kalarrytikos river. 
6. CONCLUSIONS 


In this study the application of three machine learning and two stochastic models for the streamflow 
prediction in two mountainous watersheds was investigated. Results show that the BNN model 
performed better than the other models, yet with very small differences. It is clear from the diagrams 
of Figures 3 and 4 that the results of all models were satisfactory and the predicted values in all cases 
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were very close to the observed data. Therefore, the most important conclusion that emerges from 
this study is that there is no model that stands out for its very good or very poor prediction. 


Consequently, both machine learning and stochastic models can be useful tools in simulating the 
relationship of rainfall-runoff and in predicting watershed discharge. 


The generalization capability of the machine learning and stochastic models is the biggest open 
question in streamflow forecasting problem. Also it has been realized that the development of 
effective forecasting models requires an exemplary combination of well measured data and input 
parameters, which describe very well the variables of physical phenomena. In several cases, the 
available data, combined with the particularities of each prediction method, can differentiate the 
hierarchical classification of the models based on their performance. 
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Abstract 

Recently, metaheuristic methods have actively been used to minimize the cost of water supply 
networks. The algorithms of these methods search for optimal solutions using local searching 
strategies, thus skipping the exhaustive search analysis. Brute-force searching methods are also used 
and are typical for limited system sizes. However, brute-force is not commonly used in real-world 
problems due to time limitations and scaling problems. though metaheuristic search is more common 
for these case, they also have some limitations. Sufficiently large water supply networks or very small 
size of the mesh are typical cases that make computational time very long so that these methods never 
find the optimal solution. In this paper we try to overcome these limitations by applying a modified 
metaheuristic method in order to identify critical clusters of water pipe networks. 


Keywords: metaheuristic; water supply networks; harmony search algorithm; pipe networks; water 
management 


1. INTRODUCTION 


In recent years, many metaheuristic methods have been used to optimize hydraulic networks. The 
vast majority of these methods implement novel bio-inspired strategies and use local searching in 
order to find optimal solutions (minimize cost, maximize benefit etc). Water supply networks must 
be computed in each step of these algorithms, thus leading to critical computational limitations as the 
network size scales up. An alternative approach can be achieved by using metaheuristic methods in 
order to find network communities. This way, the original problem is reduced to a community 
detection problem. The members of each community are characterized by some similar properties 
even ifthey are not directly connected with each other. For example, the Harmony Search Algorithm 
can be modified to detect pipes with some critical cost or similar water velocity. These pipes are 
treated as belonging to a community and are organized in a new cluster (subnetwork or subset of 
pipes with the same properties) of the supply water network. These clusters result in a similar- 
property network. If the property is the cost, then for example we can find the cluster whose members 
have the critical cost. By applying thie technique we reduce the original network to a cluster cost 
network. In our approach the pipes out of the cluster are ignored. Having reduce the original network 
of pipes to a clustered network where pipes with similar properties are grouped together one can 
overcome the aforementioned computational limitations. Furthermore, this new approach allows the 
study of dependencies between the members of the network associated with the question property. 
The topology is dependent on the question property. Thus, a family of clusters (cost, velocity, energy, 
chloride etc) can be created in order to simplify the original network. 
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2. OPTIMIZATION PIPE NETWORKS WITH HARMONY SEARCH ALGORITH — 
CLASSIC APPROACH 


2.1 Harmony Search Algorithm (HSA) 

The Harmony Search Algorithm (HAS) was inspired by the improvisation process that a skilled 
musician follows when playing in a music band. While performing the musician has one of the 
following choices: 


e To play the famous tune, the melody that characterizes the music piece. This specific melody 
is called “theme” in music. Obviously, every member of the band knows the theme and can 
play it by heart. In other words, all musicians have this melody in their minds, stored in their 
memory. 

e A common choice a musician has is to play something similar to the theme. Quite often, 
musicians try to enrich a music piece by slightly changing or adjusting pitches of the 
memorized theme. This way, the musicians are free to explore the theme and listeners hear its 
new versions. Tasteless iterations of the same tune are avoided. 

e Other choice is to start an improvisation. This choice, which is very common in Jazz and folk 
music, gives the musician the freedom to play random tunes, sometimes notes with very small 
(or no) relation to the performed piece. The talent and the imagination of the performer, is 
used to express new music worlds and refreshes the music material with new themes. 


The Harmony Search Algorithm is a stochastic meta-heuristic method based on the sequential 
production of possible solutions. It belongs to the category of “neighborhood meta-heuristics” that 
produces one possible solution per iteration. This process is completely different from that of the 
population methods that produce a number of possible solutions during every iteration (e.g. genetic 
algorithms). Every possible solution consists of a set of values of the decision variables of the function 
that needs to be optimized. Each one of these sets of values is called a “Harmony”. During the 
optimization process, a number of “harmonies” equal to the “Harmony Memory Size” are stored in 
the “Harmony Memory” (HM), a database that includes the produced set of solutions. Every 
component of the new harmony chosen from HM, is likely to be pitch-adjusted, thus providing 
neighboring values for some of the harmonies chosen from HM. The third choice is to select a totally 
random value from the possible value range. Randomization occurs with very small probability and 
increases the diversity of the solutions. 


2.2 Optimization water pipe networks with HSA 

In the classic network cost optimization approach with metaheuristic methods, the costs can be 
considered as a function of the length and the diameter of the pipelines. However, in this paper, we 
consider an objective function that includes the diameter and the length of the corresponding pipeline. 
The objective function is shown in Equation 1 


FSS Li»Di (1) 


where Li is the length and Di is the diameter of the corresponding pipeline. The constraints are shown 
in equation 2 


V min < Vix V max 
X Qi=0 
Di> 0 (2) 


where: 
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e vi the flow velocity for pipe i that must be between a minimum and a maximum 
e Qi water flow rate for node i 


The HSA works as follows: First, a number of possible solutions is stored are in the “Harmony 
Memory” (HM). Every solution is one-dimensional array vector filled with Di values. During the 
optimization process, the algorithm creates new a solution called “New Harmony”. If the “New 
Harmony” has good evaluation in the objective function, then it replaces the west vector of “Harmony 
Memory” (HM). 


When the network structure is not tree-like, but has loops, a water distribution software must be used. 
In this paper we developed a MatLab script that connects HSA with EPANET. The linking between 
EPANET and MatLab is described in Chapter 4. The full optimization process is presented in Figure 
1. 


Harmony memory 


New Harmony 
* Di 
Accept or Reject . D2 
New Harmony 


Evaluation New MatLab script 
Harmony- Oan 
Objective Function EPANET 


HSA- 


Figure 1: The optimization progress 
3. LINKING MATLAB-EPANET 


EPANET is a water distribution system modeling software package developed by the United States 
Environmental Protection Agency's (EPA) Water Supply and Water Resources Division. EPANET 
is freeware but not open source software. In order to use it in a loop progress a linking software must 
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be developed. The EPANET Programmer's Toolkit is a library (DLL, dylib, or .so) of API functions 
that allows developers to customize EPANET's computational engine for their own specific needs. 
The functions can be incorporated into applications written in any language that can call functions 
from a C library, like native C/C++, MatLab, Python, Visual Basic, etc. Here we use MatLab script 
to call the necessary functions. 


loading 'epanet2.d11'code is: 


o loadlibrary('epanet2.d1ll', 'epanet2.h') 


the most frequently used functions EPANET TOOL KIT are: 
= Open the EPANET toolkit and hydraulics solver 
| calllib(‘epanet2', 'ENopen', 'input2.inp', 'report2.rpt',''); 


where 'input2.inp' is the initial water network 


= Setting the values (diameters) to the network 


calllib('epanet2', 'ENsetlinkvalue', index ,paramcode ,value) 


paramcode get values from Table 1 


EN_DIAMETER 
EN_LENGTH 
EN_ROUGHNESS 
EN_MINORLOSS 
EN_INITSTATUS 
EN_INITSETTING 
EN_KBULK 
EN_KWALL 
EN_STATUS 
EN_SETTING 


call] 


call] 


call] 


Table 1: Values for the “calllib” function 

Diameter 
Length 
Roughness coeff. 
Minor loss coeff. 
Initial link status (0 = closed, 1 = open) 
Roughness for pipes, initial speed for pumps, initial setting for valves 
Bulk reaction coeff. 
Wall reaction coeff. 

1 Actual link status (0 = closed, 1 = open) 

2 Roughness for pipes, actual speed for pumps, actual setting for valves 


e.e HUYNNBWNr © 


= Analyzing the pipe network 


ib('epanet2', 'ENsolveH'); 


ib('epanet2', 'ENsolveQ'); 


ib('epanet2', 'ENreport'); 


The original water supply network is included in the file 'input2.inp'. Calling: ENsetlinkvalue function 
we set the Harmony Memory vectors (Di) and calculate the network calling: ENsolveQ function. The 
objective function is the Equation 1. 


4. 


CASE STUDY 


The case study we choose to present in this paper is a network with loop and branch network topology. 
It is a Gravity-driven water flow network with a central tank. The branch (tree-like) parts represent 
the pipeline system connecting different cities, while the loop parts at the periphery of the network 
represent the water supply network around small cities. 
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66 99 


Each destination node of a branch part has “q” flow rate demand. For each network member the head 
loss is estimated from the Equation 3. 


.__ Bfili 
hi = Se 3) 


The pipes are made by PVC and the maximum pressure design is 10 Atm. Table 2 presents the 
available diameters and the costs, while figure 2 shows the cost function power fitting. 


Table 2: Classes of pipe diameters 


ID | Damm) | Euro/m ID D(mm) Euro/m 
1 100 73 10 400 205 
2 125 81 11 450 241 
3 150 88 12 500 279 
4 175 95 13 550 320 
5 200 103 14 600 356 
6 225 112 15 650 415 
7 250 123 16 700 467 
8 300 144 17 750 517 
9 350 173 18 800 592 


According to Mandry’s model the function that relates the cost with the internal diameter, reads: 
ô= ADY (4) 
700 


600 O 


O 
y = 0.4536x10416 


500 


400 


300 


200 


100 


0 100 200 300 400 500 600 700 800 900 


Figure 2: Cost function 


Figure 3 illustrates the pipeline network and Figure 4 the water flow of the network. 
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Figure 4: The water flow network 
5. MODIFICATION OF HAS 


In order to simplify large water supply systems, the algorithm described in Fig. 1 is modified. Gravity 
factors are defined using a) Equation 4 for all the pipes and b) the network betweenness centrality for 
all the nodes. This way, the objective function includes the centrality of the nodes of the pipeline 
network. The most central nodes receive a high weight factor as they are more indispensable for the 
network. Otherwise the algorithm prefers nodes of low centrality because they are connected to low- 
cost (Eq 4) pipes. The weights of the link are not constant but change as the algorithm evolves. This 
is due to the change in diameter and the cost. Figure 5 presents the network betweenness centrality. 
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Figure 5 shows that the high centrality nodes are the nodes with the highest water supply and therefore 

the most critical for the network. Thus, if two pipes have about the same length and same supply, the 

algorithm will prioritize the critical centrality pipeline. Figure 6 presents the network’s gravity 
factors. 
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Figure 6: Gravity factors of the network 
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6. RESULTS 


Figures 7,8,9 presents three implementations of the algorithm for different parameters of the HSA. In 
conclusion, HSA algorithm always locates as critical areas the ones having large cross sections. This 
happens because there are no alternative routes for the water and the factors of length and cross 
section of the pipelines have a significant contribution to the total cost. The color of the nodes 
represents the community that belong the pipes connecting them to the other nodes. 
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Figure 8: Critical nodes with HSA parameters (HM:70, HMCR:0.9, PAR:0.05,IN:1000) 
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Figure 9: Critical nodes with HSA parameters (HM:50, HMCR:0.5, PAR:0.2, IN:1000) 
7. CONCLUSIONS 


The modification of the HSA simplifies the big water supply networks, since a large number of pipes 
can be ignored. This method approaches the minimum network construction cost as accurately as the 
full-network optimization, but in less computational time. The case study network is simplified as 
shown above (fig. 7, 8, 9) and the minimum cost is close to the full-network optimum cost. Checking 
the betweenness centrality of the network lets us know the important cost members which are 
absolutely necessary for the network. The cost of these members is as much as the cost of the full 
network. In order to estimate the cost of the full network we used method as shown on Fig 1. 
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Abstract 

In the present study, the formation and development of horizontal convective currents between open 
water and a shaded area are investigated numerically. Differential solar heating can result from 
shading aquatic canopy, producing a temperature difference between the shaded and illuminated 
region. The unsteady two-dimensional Navier-Stokes (NS) equations are used in conjunction with 
the energy equation, where the latter accounts for the absorption of radiation through an additional 
source term. The Boussinesq approximation is applied for taking into account the density difference 
due to temperature difference in the buoyancy term. Two radiation models are being implemented, 
one based on Beer’s law and the other on the Radiative Transfer Equation (RTE). Both models divide 
the incoming radiation into three bands, each having a specific absorption coefficient. The RTE 
incorporates the emission and scattering processes, besides the absorption term, while Beer’s law 
model uses only the absorption term. The effect of Grashof number (Gr), ranging from 10’ to 10°, on 
the characteristics of the convective currents are examined. The numerical results for the current 
velocity and water temperature profile are presented and compared against available experimental 
data. 


Keywords: horizontal convection, absorption, radiation, Beer’s law, Radiative Transfer. 
1. INTRODUCTION 


The horizontal convection is quite significant in various geophysical systems. This phenomenon has 
been studied in the field, in lake systems, from several scientists because of its importance in the 
transport of nutrients and other chemicals that determine, to a large extent, the ecosystem of an area. 
In lake systems the part of the water body with aquatic vegetation, near the shore, presents very low 
absorption of solar radiation, compared with the net water area [Lightbody et al., 2008] resulting in 
the development of convective currents. 


The laboratory study and analysis of convective currents has focused on (a) small scale reservoir with 
horizontal and inclined section [Coates and Patterson, 1993; Lei and Patterson, 2002], (b) in the 
presence of aquatic vegetation in part of the reservoir, with either a horizontal or sloping bed [Zhang 
and Nepf, 2009] and (c) the effect of Rayleigh number (laminar and turbulent horizontal convection). 


In the field, the morning heating and afternoon cooling (daily cycle) of water generates convective 
currents. The daily difference in temperature results in convective flow, where the speed reaches the 
3 cm/s in the morning hours and 11 cm/s at noon [Monismith et al., 1990]. 


The computational simulation of convective currents has several advantages, compared with the 
laboratory investigation, in the use of different boundary conditions, changing radiation and heat 
supply in general, and simulation in real conditions. Most computational studies focus on low 
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Rayleigh numbers, [Mullarney et al., 2004] and recently with use of direct numerical simulation 
turbulent convective currents for Rayleigh number up to 3*10!! [Shishkina, 2017] and 10"? [Griffiths 
et al., 2013] have been simulated. 


The effect of solar radiation and heat supply from the external environment in the water volume is 
taken into account through a source term in the equation of energy (temperature). The numerical 
calculation of radiation attenuation in water depends on (a) the three-band model of radiation [Hattori 
et al., 2014], (b) the law of Lambert-Beer for the attenuation of radiation in water [Tsakiri and Prinos, 
2015] and (c) the discrete radiation model [Siegel and Spuckler, 1994] that is further analyzed in other 
papers [Kaluri and Dattarajan, 2010]. 


This paper focuses on the numerical simulation of convective currents due to solar radiation. An 
evaluation of the radiation models is investigated, through the necessary comparison with 
corresponding available experimental data [Coates and Patterson, 1993]. In addition, the effect of 
Grashof number (Gr), ranging from 10’ to 10’, on the characteristics of the currents is investigated. 


2. COMPUTATIONAL MODELLING 


2.1 Governing equations 

The two-dimensional Navier-Stokes equations (1), (2) and (3) are solved in conjunction with the 
energy equation (4) for unsteady, incompressible flow. The Boussinesq approximation is used, which 
treats the density as constant in all equations, apart from the buoyancy term of the momentum 
equation, in which it varies due to temperature difference. 


OW EON ag (1) 
Ox Oy 

2. 2. 
u pa iy Me. acy a A (2) 
ôt ôx oy Po Ox Ox” Oy 

2 2 
ggg Oa gS : P iy APA +ga(T-T,) (3) 
Ot Ox Oy pôy Ox” Oy 

T T 2 2 

T a? OT | = ua s, (4) 
Ot Ox Oy Ox” oy 


where u and v are the horizontal and vertical velocity components, T is the temperature, p = 101,325 
Pa is the pressure (incorporating the hydrostatic pressure), g = 9.81 m/sec? is the acceleration due to 
gravity, and v = 0.000001051 m/sec, po = 998.2 kg/m’, a = 0.000207 K`! and K = 1.4924E-07 m7/sec 
are the kinematic viscosity, density, coefficient of thermal expansion and thermal diffusivity of the 
fluid at the temperature To = 294.55 K or 21.4 °C. The source term Sp in Equation (4) is an internal 
heating source, which represents the absorption of radiation by the fluid and is added in the energy 
equation only in the open region of the tank. In the opaque region, it is assumed that the water does 
not absorb any radiation. This internal heating source generates horizontal temperature gradients 
between the open water and the shaded region and these gradients induce circulation. 


2.2 Computational Domain-Case Studies 

The computational domain includes a rectangular reservoir of height h = 0.3m and total length L = 
0.6m = (1 + le), where | is the length of the opaque area and le the length of the transparent area where 
solar radiation penetrates water. The walls of the reservoir are considered to be adiabatic and the wall 
properties are shown in Figure 1. 
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Figure 1. Computational domain and boundary conditions. 


The case studies are based on the experiments of Coates and Patterson [1993]. The surface radiation 
intensity is equal to Io [W/m?] which varies, as shown in Table 1, and hence the Grashof number 
varies from 6.79* 10’ to 1.19*10°. In the same table, the characteristic times te, tz and ty which indicate 
the times of the three characteristic regimes (inertial, energy limited and viscous) are shown together 
with the scale velocity ueg in the energy-limited regime. 


Table 1. Case studies and characteristic parameters. 


Case Studies Incoming Radiation Ip | Grashof number te tE tv UE 
(CS) (W/m?) (Gr) (sec) (sec) (sec) (mm/sec) 
1 20 6.79* 107 3.9 209 2040 1.43 
2 127.5 (C.P. 1993) 4.33*108 16 113 2040 2.65 
3 350 1.19*10° 0.9 81 2040 3.71 


2.3 The solar radiation model 

The Fluent 15.0.7 CFD code, which uses a control volume technique, is applied for the numerical 
computations. The computational domain is divided into discrete control volume on which the 
governing equations are integrated. For the mesh generation, the Gambit program is used. The 
segregated solution method is used and the velocity-pressure coupling is achieved with the SIMPLE 
algorithm. For the discretization of the governing equations, the PRESTO scheme is used for the 
pressure and the Second Order Upwind scheme is used for the momentum and the energy [ANSYS 
Inc., 2013]. User Defined Functions (UDF), based on C++ code, is used for introducing the extra 
source term Sp. The RTE model is already included in the FLUENT’s radiation panel. Two different 
radiation models are considered in this work, one based on Beer's law and the other based on the 
Radiative Transfer Equation [Modest M., 2013]. 


2.4 Beer's Law 
According to Beer’s Law the radiation intensity, decreases with increasing water depth and the source 
term is given by Equation (5). 


1 N 
S, =— ale 5 
j p-C, 2, ( ) 


where N=number of bands, Ij is the surface radiation intensity, ni is the extinction coefficient, h is the 
water depth and y is the distance from the tank bottom. In order to compute the Ij intensities the 
blackbody radiation distribution must be taken into account. The lamps used in the experiments are 
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mostly of 3200 °K color temperature generating a surface radiation heat flux lo, which is divided into 
i intensities based on the distribution of the spectral radiance as given in figure 2. 


1.6E+012 
= 1.2E+012 ~ 
E 4 3200K 
= < 0.8um: ~20% 
D 0.8 - 1.2 um: ~30% 
2 8.0E+011 ~ > 1.2 um: ~50% 
sS 
5 
g 
= 4 
© 
Q 
a 
a 4.0E+011 4 
0.0E+000 


0 2 4 6 8 10 
A (um) 


Figure 2. Spectral radiance distribution for the color temperature of 3200 K. 


In fact, the extinction coefficient for the water depends on the wavelength of the radiation and the 
turbidity of the water. In an analysis of 1-m deep solar pond, Rabl and Nielsen [1975] developed four- 
band model to quantify the variation of the intensity of the solar radiation. They concluded that the 
absorption of the radiation passing a water column cannot be described by a single exponential, 
because different wavelengths differ widely in their absorption coefficients. Coates and Patterson 
[1993] developed a three-band model based on their temperature measurements in a 300-mm water 
column and found that it accurately reproduced the observed data. Hattori and Patterson [2014] 
divided the entire spectrum of the attenuation coefficient into N=50 wavebands of equal radiation 
intensity and found that the variation between the N=50 waveband solution and the three-band model 
solution is marginal. However, it is not uncommon to some limnological applications, that the 
absorption coefficient is assumed to be characterized by a single bulk extinction coefficient [Tsakiri 
and Prinos, 2016]. 


A three-waveband attenuation model is implemented in this paper, where the n; coefficients were 
experimentally derived [Coates and Patterson, 1993], as shown in table 2. The thermistors were 
located at fixed depths in order to obtain a good temperature profile. The temperatures were measured 
after one hour of uniform surface heating of the tank to ensure that the deeper water was sufficiently 
heated. 


The absorption of light decreases with decreasing wavelength and reaches a minimum absorption for 
blue [Hale and Querry, 1973] and then increases again in the ultraviolet (UV) region. According to 
Wetzel [2001], about 53% of the total light energy is transformed into heat and absorbed in the first 
meter of water. 


Table 2. Three-band model characteristics [Coates and Patterson, 1993] 
Wavelength Percentage total Experimental 


Band F surface energy ni (m') 
i < 800 ~20% oa 
2 800-1200 ~30% 15 
3 > 1200 ~50% 2.5 
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2.5 Radiative Transfer Equation 
The discrete ordinates (DO) radiation model solves the Radiative transfer equation (RTE) for finite 


number of discrete solid angles, each associated with a vector direction $ fixed in the global Cartesian 
system (x, y, Z). It transforms the RTE equation into a transport equation for radiation intensity in the 
spatial coordinates (x, y, z). The DO model solves for as many transport equation a there are directions 


5 [Chui and Raithby, 1993]. The last term in Equation 4, using this model, is given by 


1 “eo 1 
S, =-V-q.-| —— |=—a, | 4aI,, — | L (r,s )}dQ || —— 6 
h q, PS i bh J A ) ) PS (6) 


where A is the wavelength, oy is the spectral absorption coefficient, Ip, is the blackbody intensity given 


by the Planck function. The intensity I, at the position T in the direction 5 is obtained by solving the 
RTE: 


v-(I, (.s)s)+(a, +0, )L (18)=a,n"l,, + of, (r,s"}(s,s")da' (7) 
0 


where n is the refractive index, os is the scattering coefficient, s'is the scattering direction vector, Q 
is the solid angle and © is the phase function. Equation (7) is the generalized equation for absorbing, 
emitting and scattering medium. In the present study scattering is ignored, as the experimental studies 
on scattering of radiation in pure water, indicate that the scattering phase function ® is highly forward 
in nature [Kullenberg, 1968]. The scattered energy propagates in the direction of the beam. As 
suggested by Cengel and Ozisik [1984] scattering can be neglected, since all non-absorbed energy 
propagates in its original direction. Thus the additional source term in Equation 6 takes a much 
simpler form: 


s.-[ Èn oT -n:0) (8) 


pj i=l 


where Gi (W/mô is the incident radiation of each band and o is the Stefan-Boltzmann constant. Both 
models are presented in figure 3, where the two radiation models are uniformly applied to the surface 
of the laboratory tank [Coates and Patterson, 1993]. The numerical results are in an excellent 
agreement with the experimental data. There is a slight difference between the two models on the top 
and bottom of the tank. This is due to the additional emission term of the RTE model. 
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Figure 3. Temperature increase with water depth after one hour of uniform heating. 


3. ANALYSIS OF RESULTS 


In this section, numerical results from both radiation models (Beer’s law and DO model) are presented 
and compared against experimental measurements and empirical relationships [Coates and Patterson, 
1993]. In addition, numerical results are presented which show the effect of the Gr number on 
characteristics of the convective currents. For the three Gr numbers, ranging from 10’ to 10°, 
temperature increase and maximum velocity are presented. 


Figure 4 shows the variation of temperature increase with time at four selected locations, within the 
shaded area, for Gr number equal to 4.33*10° for which experimental data [Coates and Patterson, 
1993] are also available. All locations are at a distance 20 mm from the top surface (y/h=0.93) and at 
various distances from the light/dark interface (x/h=-0.07, -0.28, -0.50, -0.72). 
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Figure 4. Temperature increase versus time. 


At all locations the experimental measurements indicate that, after some time, the temperature 
increases gradually with a maximum increase of 0.12~0.14 °C after 600 s at the two locations near 
the shaded/open interface while, at the two remote locations, this increase is 0.09~0.11 °C after 600 
s. The two models produce similar variations with temperature increase very close to the experimental 
for a time of 500 s. The RTE model produces results closer to the experimental especially at the 
locations x/h=-0.50 and -0.72. After 500 s both models compute much higher increased temperature 
that that of the experiments due to the side wall effects. 


Figure 5 and 6 show the effect of Gr number on the dimensionless temperature increase at a location 
(x/h=-0.07) for t=200 s and 400 s. Both radiation models present the same behavior. As the Gr number 
increases the convective current becomes larger in width and its temperature increases with increasing 
Gr number. 
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Figure 5. Variation of dimensionless temperature increase with depth at 20 mm (x/h= -0.07) 
from the light/dark interface (Beer’s law model). 
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Figure 6. Variation of dimensionless temperature increase with depth at 20 mm (x/h= -0.07) 
from the light/dark interface (RTE model). 


In the inertial regime, the velocity is expected to be linear with respect to 


9° 


and the data of figure 7 


show that the maximum velocities for each case do fall well on a straight line. This confirms that the 
early stage of the flow is indeed inertial. The maximum horizontal velocities for all case studies are 
plotted against (Grv°t/h*)°°. In general, the Beer’s law model produces velocities higher than those 
of the RTE model at all times. The figure 7 shows the straight line produced by the experimental 
results of Coates and Patterson [1993] which is in very good agreement with the numerical results of 
the Beer’s law model. The velocities of the RTE model are slightly lower and the straight line, 
produced by these data, is slightly different. 


C. & P. (1993) 
[Eq.31] 
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Figure 7. Variation of dimensionless maximum velocity with time. 
(The open and solid symbols refer to Beer’s law and RTE model respectively). 


In figure 8 the maximum velocity, made dimensionless with the scale velocity ug, is plotted against 
time after the inertial period. The time scales tg, calculated in Table 1 are lower than those of the 
simulations but of the same order of magnitude. This is in accordance with the computation of the 
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maximum velocity which is lower than the scale velocity ug. In the energy-limited regime the two 
radiation models produce similar results with the Beer’s law model to show higher velocities than 
those of the RTE model. The effect of Gr on the starting time of this regime, as well as on the velocity 
magnitude, is very clear. The experimental results, for Gr equal to 4.33*10° also show velocities 
lower than the scale velocity as well as lower than the computed ones. 
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Figure 8. The maximum velocity, scaled against the expected constant velocity ur versus time. 
(The open and solid symbols refer to Beer’s law and RTE model respectively). 


4. CONCLUSIONS 


An extended work was performed to assess the effectiveness of two radiation models (Beer’s law and 
RTE model) in predicting the development of convective currents due to differential heating. Also, 
the effect of Gr number on the characteristics of the convective currents was investigated. The 
following conclusions can be derived: 


a) Both modes adequately reproduce the temperature profile, when uniform heating is introduced on 
the surface of the tank. 


b) The numerical temporal evolution of temperature increase at various locations along the shaded 
area was compared with available experimental measurements [Coates and Patterson, 1993] for 
Gr=4.33*10%. The comparison indicates a satisfactory agreement between experimental and 
computational results for time up to 500 s. The RTE model gives better predictions than the Beer’s 
law model, especially in the region far from the light/dark interface. 


c) The investigation of the effect of Gr on characteristics of the convective currents indicates that the 
width and the temperature of the current increase with increasing Gr number. 


d) The variation of the maximum velocity, at the light/dark interface, with time indicates that, initially, 
the velocity increases linearly with t°> (inertial regime) and becomes constant afterwards (energy 
limited regime). The constant maximum velocity is less, but of the same order of magnitude, than the 
scale velocity and its value depends on the Gr number. 
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Abstract 

Water is a key element in sustaining any environmental and socio-economic balance. With the current 
context of rapid changes on hydrological and socio-economic patterns, water resources management 
is facing a special challenge, which is no other than dealing with competing claims of various 
stakeholders on water, or in other words, with water resource dilemmas, such as the determination of 
the maximum water level in Lake Vegoritida (Northern Greece). The lake’s water level has undergone 
great changes, throughout the last decades, caused by severe water abstraction directly from the lake 
and its catchment. Along with the water level changes, it is not only the natural environmental 
conditions that have adapted to a new status, but also the social and economic ones. Nowadays, a 
discussion about the decision for the maximum water level in Lake Vegoritida becomes a source of 
conflict among stakeholders who have different claims and interests around the lake. In this paper, an 
outlining process is followed that includes the identification of stakeholders and the issues related to 
lake’s water level, as well as the effects of alternative proposed scenarios of maximum water level on 
the natural and socio-economic environment. The engagement of the identified stakeholders in a 
management and decision-making process should be taken into account by the competent authorities 
towards the establishment of an environmentally sustainable, socially equitable and economically 
efficient maximum water level in Lake Vegoritida. 


Keywords: lake level management; environmental aspects; socio-economic aspects; stakeholders; 
IWRM 


1. INTRODUCTION 


Despite the immense technological progress, societies still depend on the capacity of ecosystems to 
produce goods and services which sustain social and economic development. Water is a key element 
in sustaining any environmental and socio-economic balance. With the current context of rapid 
changes on hydrological and socio-economic patterns, water resources management is facing the 
special challenge to deal with competing claims of various stakeholders on water. Stakeholders hold 
strong but divergent values and perceptions about what is at stake and a situation of complexity is 
created through the way all interdependent, conflicting human activities adapt with changes on the 
natural environment. 


As the economy and society are dynamic and the natural environment is also subject to change, the 
perspective of Integrated Water Resources Management (IWRM) is lately highly embraced by 
communities and researchers in the need to be capable of adapting to new economic, social and 
environmental conditions and to changing human values (GWP, 2004). Special focus is nowadays 
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given in socio-hydrology, with a basic statement of the International Association of Hydrological 
Sciences (AHS) that co-evolution of hydrological and connected systems (including society) needs 
to be recognized and modelled with a suitable approach, in order to predict their reaction to change 
(Montanari et al., 2013). Usable science, as produced in a form that can be used by stakeholders in 
their management and decision-making roles, becomes meaningful through building ongoing 
relationships with stakeholders and ensuring their two-way communication (Meadow et al., 2015). A 
recent example in literature of this successful exchange of knowledge between researchers and 
research users has been explicit in the case of Upper Santa Cruz River basin in Arizona, where a 
hydrological model has been used as a vehicle to link stakeholder engagement with groundwater 
management (Eden et al., 2016). 


Lake Vegoritida, one of the largest and deepest lakes in Greece, is just another example of a natural 
system whose management cannot be separated from the public, as the decision for maximum water 
level immediately becomes a source of conflict among stakeholders who have different claims and 
income around the lake. The lake’s water level has undergone great changes caused by severe water 
abstraction directly from the lake and its catchment; water level was around 525 m a.m.s.] in early 
80’s and dropped down to 509 m in late 90’s whereas has partially recovered to around 518-519 m 
during the last decade. Researchers have studied the energy and water budget of the lake (Gianniou 
& Antonopoulos, 2007), or shown the inter-relations between the abiotic and biotic features of the 
lake (Antonopoulos and Gianniou, 2003; Pirini et al, 2011; Stefanidis, 2012). Gianniou & 
Antonopoulos (2014) have shown that significant changes on concentrations of phosphorus and 
dissolved oxygen have been caused due to water depth and volume alterations during the years 1981- 
1983. Recently, an assessment of the environmentally minimum water level for Lake Vegoritida 
reconciles the protection of lake ecosystems and the availability of water volume to meet the 
economic activities (Doulgeris et al., 2017). Nowadays, that the severe water abstraction directly from 
the lake has been ceased, the arising management question is ‘What would be the best maximum 
water level of Lake Vegoritida’ for both nature and society? 


This paper supports the idea of IWRM towards the establishment of a maximum water level in Lake 
Vegoritida as a means to promote the coordinated management of water in a way that economic and 
social activities may be carried out in an equitable manner without compromising the sustainability 
of the lake’s ecosystem. The paper is an outlining process that includes (a) the identification of 
stakeholders and the issues that arise through a potential establishment of a maximum water level and 
(b) proposals of alternative scenarios of water level, considered as potential decisions of maximum 
water level, as a means to raise a constructive discussion associated with the effects of these scenarios 
on the dynamics between the natural and social environment. Furthermore, the perspective of 
engaging all levels of stakeholders in a process of establishing a maximum water level in Lake 
Vegoritida is discussed as a future potential approach in managing the lake’s water level. 


2. THE ADAPTIVE SYSTEM OF LAKE VEGORITIDA 


Lake Vegoritida is located in the water district of Western Macedonia in Northern Greece.The 
hydrological catchment of the lake covers an area of 2,145 km? and is drained by the streams Sklithro, 
Amyntas and Pentavryso (or Soulou) and the Lakes Zazari, Cheimaditida and Petron. Key inflows in 
Lake Vegoritida are the excess of surface water from Lake Petron, which is transferred to Vegoritida 
through a tunnel, and runoff of Pentavryso subcatchment. 


Lake Vegoritida has undergone great changes on its natural environment in the last decades as a result 
of its water level alteration. Based on water level recordings from the 1980s’ and afterwards (Fig. 1), 
the water level dropped from 525 m to 510 m a.m.s.1. circa in the early 2000s’, mainly due to water 
abstraction by the Public Power Corporation (D.E.H.). During this period the lake has lost 45% of its 
volume and 29% of its surface area. Ever since the abstraction ceased, the water level is rising and 
nowadays varies around to 518.5 m. It should be mentioned that the water level recordings between 
40’s and 60’s show that the water level was varying around 540 m a.m.s.l. 
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Figure 1. Water level (a.m.s.l.) fluctuation in Lake Vegoritida for the period 1980-2015. 


The shrinking lake had revealed some extraordinary fertile land, which was perceived as an excellent 
opportunity of extra income for the local farmers. As it is shown in Fig. 2, part of the agricultural land 
is now flooded because of the lake level rising at 518 m, which is now a threat to the farmers. 
Meanwhile, if the water level exceeds the level of 519 m, the sewage treatment infrastructure, which 
was built during the period of low water level, will be inundated. On the other side, fishery and the 
tourist business, which are also part of the local community, seem pleased with a restoring lake. As 
far as the Public Power Corporation is concerned, it appears that it no longer has any stake on the 
lake as no more lake water is abstracted to supply a number of thermo-electrical and hydro-electrical 
power stations. Nowadays, water demands for the operation of these power stations are covered by 
water transfer from the neighboring hydrological catchment of Aliakmonas River. 


Lake Vegoritida 


509m 
(2002) 


Figure 2. Coastline of Lake Vegoritida for various water levels (a.m.s.1.) 
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3. THE STAKEHOLDERS AROUND LAKE VEGORITIDA 


To outline how stakeholders around Lake Vegoritida have constructed and defended their stakes, two 
distinct processes were involved. The first process includes the identification of stakeholders and the 
issues that emerge through a potential establishment of a maximum water level by creating the ‘real 
picture’ of the stakeholders’ system and their interdependencies in regard with past experiences on 
the lake’s water level fluctuation. The second process is an effort of the authors to create the 
‘conceptual picture’ by proposing three different scenarios of water level, viewed as potential 
decisions of maximum water level, and exploring their effects on the dynamics between the natural 
and social environment. 


3.1 Analysis of stakeholders and issues related to the maximum water level 

Venn diagram (Fig. 3) was used to illustrate the extent to which stakeholders interact or overlap with 
each other and the importance of each, in regard to the issue of determining a maximum water level 
in Lake Vegoritida. Large circles represent powerful organisations, overlapping circles represent 
interacting organisations and a small circle within a larger circle represents a component of that 
organisation. Farmers and sewage treatment beneficiaries are directly concerned with a potential 
flooding of their properties, whereas fishermen, recreation business are favored by the lake 
expanding. The Organization for the Protection of Lake Vegoritida (OPLV) is a community group 
that has emerged with the aim to prevent the loss of the lake’s water, as well as the degradation of its 
ecosystem. OPLV and farmers are key stakeholders and their efforts may affect authorities towards 
the determination of the maximum water level of the lake. Academics, researchers, consultants and 
the public have an indirect involvement and influence on the water level determination, as their 
livelihoods are not directly affected by a decision for a maximum water level; however, their input in 
knowledge is essential. Governmental bodies (e.g. Water Directorate), policy makers and local 
authorities are important in the process of establishing and maintaining the maximum water level, 
due to their power of legitimizing any decision. 
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Figure 3. Identification, importance and interaction of the stakeholders who may be directly 
or indirectly involved in the process of determining a maximum water level in Lake 
Vegoritida. 
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A rich picture (Fig. 4), as a mind-mapping tool, presents the plethora of natural, socio-economic and 
institutional themes that need to be considered in the process of determining a maximum water level 
in Lake Vegoritida. These themes represent possible issues that may emerge as components of the 
natural and human environment around the lake and mapping the themes, in regard with the 
determination of maximum water level, allows a better understanding of reality as well as of the 
interdependencies that are created. Once a maximum water level is determined (central circle as a 
starting point), emergent themes appear in a clear sequence of dependencies where a number of 
activities, for example the economic, will be ‘re-arranged’, depending on the water level. 
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Figure 4. A rich picture of the issues that are related to the determination of a maximum 
water level in Lake Vegoritida 


3.2 Dynamics of maximum water level scenarios 

The identification and visualisation of alternative water level scenarios and their consequent effects 
can be a useful tool for clarifying options among stakeholders with apparently diverging perspectives 
on the maximum water level. Alternative proposed scenarios of a maximum water level may also 
promote a collective learning process by bridging knowledge among scenarists and scenario users 
and a meaningful discussion on the pros and cons of different scenarios while accounting for 
uncertainties (e.g. rainfall patterns) and possible social and environmental consequences of current 
watershed management. 


Three scenarios of maximum water level for Lake Vegoritida are examined: Scenario 1 refers to a 
maximum water level of 518 m, which is the recorded water level in the present time period (2016- 
2017). Scenario 2 refers to a maximum water level of 509 m, which is the water level experienced in 
late 90’s. Scenario 3 refers to a maximum water level of 525 m, which has been experienced in early 
80’s. In Table 1 are given the positively and negatively affected stakeholders and associated issues 
arising at each scenario of maximum water level. If there was only one view of reality we would be 
able to show the benefits and drawbacks of each scenario. However, in a system of stakeholders what 
is beneficial for one group of stakeholders might be a threat to another and vice versa. 
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Table 1. Positively and negatively affected stakeholders and issues arising at each scenario of 
maximum water level in Lake Vegoritida 


Scenario 1 Scenario 2 Scenario 3 
Water Level, ams. (m) ITOs aesa e eS SO alae a E O 
an Stored Volume (10m?) L068 825 SST 
Surface Area (km?) 44 38 54 
Local community Local community 
OPLYV, Fishermen Farmers OPLV, Fishermen 


Positively affected 
Stakeholders 


Tourists, Birdwatchers, 
Recreation business 
Farmers who benefit 

from an improved 
irrigation status 


Local residents whose 
income significantly 
comes from farming 

Local Authorities 


Tourists, Birdwatchers, 
Recreation business 
Farmers who benefit 

from an improved 
irrigation status 


Negatively affected 
Stakeholders 


Local residents whose 
income significantly 
comes from farming 

Local Authorities 


Local community 
OPLYV, Fishermen 
Tourists, Birdwatchers, 
Recreation business 


Farmers 
Local residents whose 
income significantly 
comes from farming 
Local Authorities 
Sewage treatment 
beneficiaries 


Issues of interest 


Lake restoration 


Not affected 


Affected 


Back to older state, 
unknown effects 


Water quality 


Affected 


Affected 


Unknown effects, 
probably deteriorated if 
sewage treatment no 
longer works 


Available irrigation water 


Currently ongoing 


Will decrease 


Will increase 


Ecosystem functions 


Have been restored 


Habitat loss (birds, fish) 
Macrophytes will be re- 
arranged 
Loss of bird populations 


Bird habitats flooded 
Fish spawning habitats 
flooded 
Macrophytes will be re- 
arranged 
New ecosystem balance 


Business activities 
(farming, fishing) 


Farmers have lost land, 
fish production and 


‘Farmland’ will be 
revealed, unknown 


More ‘farmland’ will be 


quality improved fishing production lost 
projections 
pea peal hc Will be affected due to Possibly will be 
bir nee 8 ecosystem degradation improved 
Sewage treatment Not affected Not affected Sewage treatment plant 
operations will no longer work 


Social conflicts 


Currently existing 
between farmers and 
OPLV -fishers, but 
conflicts have been 
almost at halt, after 
decision of Minister of 
Environment 


Conflicts for claiming 
new property rights on 
revealed land among 
farmers of different 
villages, conflicts 
between farmers and 
OPLV-fishers. Local 
Authorities will need to 
take sides 


Conflicts among sewage 
treatment beneficiaries, 
farmers against fishers, 
OPLV. Local 
Authorities will need to 
take sides 


According to Table 1, three different ways of viewing Lake Vegoritida are outlined. 
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Scenario 1: There has been enough tension accumulating between stakeholders, whose income comes 
from tourism, fishing and recreation, and farmers who have been seeing their land being inundated. 
It has not been until the Ministry of Environment had put a halt to this tension, through an immediate 
intervention for stabilizing the water level at 518 m. Currently, the lake has been restoring at a great 
extent, although water quality is still poor. Local community is pleased with the lake’s restoration, 
even a group of farmers who are foreseeing an improved irrigation status. 


Scenario 2: This is a water level scenario that benefits a portion of the local community; the farmers 
who will regain their land as well as local authorities who will benefit from the farmers voting support. 
However, this scenario reflects not only a completely degraded ecosystem and its functions (as 
already experienced in the past), but also unresolved conflicts among local authorities, environmental 
groups for the protection of the lake, and other people whose income comes from the tourist and 
fishing business. An additional conflict among farmers emerges, as farmers from different villages 
claim ‘property rights’ of the revealing land. The potential of a deterioration of the lake’s water 
quality is prominent for this scenario, as non-point and point pollution loads will outflow to a lake 
with a decreased water volume. 


Scenario 3: Although this is a very optimistic scenario for groups of stakeholders with great 
environmental concerns for the lake, as well as fisheries and recreation business, an increase of the 
lake’s water at 525 m means that the sewage treatment, as well as other public or private infrastructure 
that has been constructed over time will be inundated. It also remains unknown how the ecosystem 
will respond to such a change, as the expanding of the lake will flood existing habitats for birds and 
fish that have been re-adapted during the last decade. In such a case, any water level raise should take 
place gradually and under careful monitoring of the natural environment. 


3.3 Establishing a maximum water level in Lake Vegoritida under IWRM 

According to the second principle of the Dublin Statement on water and sustainable development 
(1992), on which IWRM is based, water development and management should be based on a 
participatory approach, involving users, planners and policy-makers at all levels. The participatory 
approach raises the importance of decision making at the lowest appropriate level, with public 
consultation and involvement of users in the planning and implementation of water projects in the 
context of IWRM. 


Establishing the maximum water level of Lake Vegoritida, under an IWRM perspective, needs 
therefore to be seen in the context of a participatory management process. The objectives of such a 
management approach are related to the direct engagement of stakeholders in deciding about the 
maximum water level of Lake Vegoritida. These objectives are: 


e To engage (rather than just inform) stakeholders in a participatory planning process, about the 
maximum water level (Each stakeholder, from locals to authorities, business and scientists, has 
to propose a maximum water level) 

e To bring together scientific knowledge and experiences of the local people, so as to initiate 
processes of dialogue and learning from the stakeholders. (What have we learnt from water level 
fluctuations all these years?) 

e To view scientists as ‘stakeholders’ and local people as ‘water experts’ (What kind of knowledge 
can we make most of it and how, in order to decide for a maximum water level?) 

e To create the enabling institutional environment for establishing a water level, through 
strengthening capacity of networks, rather than persons (Who has the responsibility/power for 
making and implementing the decision? And in what way/extent have existing institutions 
corresponded to the overall changes of the lake over time?) 

The use of the proposed three water level scenarios could be seen not only as a vehicle for 

stakeholders to recall their personal past experiences of the lake’s water level, but also as a new guide 
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to imagine potential future water level projections and their responses, throughout a participatory 
management process. 


4. DISCUSSION AND CONCLUSIONS 


Lake Vegoritida is an interesting system to be studied under the umbrella of IWRM. The above review 
of the current situation brings on surface some dilemmas that stem from the diverging interests that 
various stakeholders have in regard with the lake’s water level. The lake has been restoring 
throughout the last two decades, since water abstraction from D.E.H. has ceased. It now remains that 
farmers demand back their ‘flooded’ land, while other stakeholders who earn income from the lake 
(fishers, recreation business) or not (conservationists, local inhabitants) are opposed to that. However, 
apart from the dilemma of “Flooded farmland vs. Restoring lake”, the present paper has revealed 
some other dilemmas that lie in the reality of the stakeholders around and beyond Lake Vegoritida. 
These include the following: 


According to the Habitats Directive 92/43/EE, once special areas for conservation are designated, EU 
countries must introduce appropriate conservation objectives and measures. They must do everything 
possible to guarantee the conservation of habitats in these areas; avoid their deterioration and any 
significant disturbance to species. EU countries must also encourage the proper management of 
landscape features essential for the migration, dispersal and genetic exchange of wild species, 
undertake surveillance of both habitats and species. Therefore, a dilemma is formed as ‘Is the lake 
seen as part of an EU protected area, that has to fulfill certain requirements, or as a distinct part owned 
only by stakeholders who use its water?’ 


Nature, economy and society constitute a system through which all water resources should be studied 
and managed. In an attempt to skip the sense of conflict behind opposing activities of stakeholders 
(such as farming and fishing), one can see that all kind of activities are part of the area’s economy 
and culture, and people in the area have been adapting their economic activities and livelihoods along 
with nature changes throughout the years. Therefore, a new dilemma is ‘Is the lake viewed only as 
part of nature, or part of economy vs. is the lake part of a system (nature, economy, society)? At this 
point of shaping a systemic view of the lake, the dimension of time is important, as both the historicity 
and the sustainability related to the use of water in the basin should be taken in account. 


Humans have always been adapting water management and practice to natural hydrologic variability. 
However, it remains uncertain whether or not practices and activities designed with historical climate 
variability will be able to cope with future variability caused by atmospheric warming (de Loé & 
Kreutzwiser, 2010). Climate change projections in the Mediterranean come along with intensifying 
human demands on water (surface and groundwater abstraction for irrigation, building infrastructure, 
water pollution, population increase). 


Finally, local authorities and decision makers have dealt with strong political tensions, due to the 
lake’s water fluctuation associated with people’s income. Is the lake management a means for 
politicians to exchange water services for votes and political support or a means for equity in water 
governance? 


Once the issues at stake have been identified and dilemmas have been clearly articulated, the three 
potential scenarios proposed in this paper bring an answer to the question ‘At which state of the lake 
do we want to move?’ 


The three scenarios form a conceptual route for a concrete visualisation of the lake’s future and reveal 
the potential of embedding local know-how into future management strategies. Scenarios 2 and 3 
have been experienced in the past, and their consequences may be seen as lessons learnt from 
stakeholders. Engaging stakeholders in discussions and analyses of these past experiences can reveal 
what kind of information is necessary to better prepare for future changes of water level, their costs, 
and period of adaptation. Their involvement is also fundamental because they not only represent the 
end users, but they also play a key role in implementing successful new management practices and 
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effective local actions (Re, 2015). Moreover, by integrating local and scientific knowledge is a 
process that can direct scientists towards new research questions that are relevant to stakeholders’ 
needs. A thoughtful design of stakeholder engagement process, elaborated by water scientists can 
finally be seen as a powerful tool towards aiding water governance organisations in adaptive decision 
making. 


Usually, established water governance organizations and their key members take the initiative to 
change the existing institutions (policies, laws and administration) on the basis of identified needs, 
often based on their own interests. However, existing laws and procedures for sharing of water 
resources among the different users may not be adequate in terms of present circumstances. The extent 
and the character of an observed gap between declared rules and rules-in-use is a good indicator for 
institutional change (Bandaragoda, 2000). Papageorgiou and Vogiatzakis (2006) have pointed the 
need in Greece for greater realisation of integrated conservation which necessitates reforms in the 
political culture, in terms of being more open and cooperative, and the setting up of a process to 
facilitate public dialogue. The change in political culture could be enhanced following policy reforms 
related mainly to sectoral legal frameworks and administrative structures as well as a stronger overall 
political commitment. 


In the case of Lake Vegoritida, every meter of water level has to be translated into ‘human behavior’, 
in the process of reaching any optimal management state. This is due to the fact that networks of 
relationships and the activities of the people that form them around the lake are so well embedded in 
patterns of water use that imply difficulties in any long-term changes. In this work, the objectives of 
establishing a maximum water level of Lake Vegoritida are outlined under the umbrella of IWRM, 
and in particular under the potential engagement of all identified stakeholders in a participatory 
management and decision-making process. Even if the water level remains as in current, the authors 
suggest that whether this is the determined maximum water level or not, it has to be legitimized under 
a change in the management paradigm with which the water of Lake Vegoritida has been managed 
until now. Past experience of various water levels (empirical knowledge) during the last 30 years and 
the existing research background (scientific knowledge) constitute a great opportunity on which a 
change in the management process should be based. However, changes in water management 
procedures should be supported by institutional reforms, even if that means accommodating the 
principle of justice and equity in the process. Any water level scenario should be filtered through a 
holistic approach- in that integrating all environmental, social and economic dilemmas of the 
stakeholders, so that decision-making is participatory and finally enjoy a wide public acceptance and 
unproblematic implementation. 
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Abstract 

Earth’s arid and semi-arid regions were always faced water scarcity problems due to the lack of 
precipitation and its unpredictability. However, there is global pressure on available water resources, 
which not only has demographic, economic and social causes, but also is connected with climate 
change. Rainwater harvesting (RWH) is an alternative source of water applied since antiquity. The 
practice is still in use in many areas throughout the world as it is adopted by many countries as a 
viable decentralized water source. Rainwater collection, protection and re-use are a viable process 
that can both significantly increase available water resources and reduce flood risks. The degree of 
its modern implementation varies greatly across the world, often with systems that do not maximize 
potential benefits. In recent decades, many countries are supporting updated implementation of such 
practice so as to confront the water demand increase, which is related to the climatic, environmental 
and societal changes. According to the current literature, RWH process belongs to a wider context 
called Sustainable Drainage Systems (SuDs). It can be applied additionally and designed 
appropriately so as to reduce frequency, peak and volume of urban runoff. The above thoughts 
motivate interest in considering the current situation and the perspective to further grow this method 
worldwide. In the present paper, the current situation of rainwater harvesting as an alternative water 
source to confront water scarcity around the world is studied. In particular, the paper presents: (a) the 
causes of water shortage; (b) a brief historical overview of the temporal evolution of the RWH; (c) 
the causes of the renewal of interest in the RWH technique; and (d) incentives for the spreading of 
the RWH method in various countries worldwide. 


Keywords: Rainwater harvesting, alternative water source, water shortage, arid and semi-arid areas 
1. INTRODUCTION 


Water is an essential and irreplaceable element for the existence of all living beings and the ensuring 
of the continuance of life on earth. Access to clean and affordable water is one of the fundamental 
human rights, as water is the good that plays an important role in health, social and economic 
development of a country, food production and environment. 


Arid and semi-arid regions of the earth were always facing water scarcity problems due to the lack of 
rainfall and its erratic pattern in spatial and temporal scales. Moreover worldwide, available water 
resources undergo pressures, due to demographic, economic and social causes, the environmental 
degradation and the impacts of climate change. 


In this way, the population increase, the urbanization expansion and also the intensity of the 
industrialization and the irrigated agriculture rise water requirements and, consequently, provoke 
greater pressure on water resources. Between 2011 and 2050, the world's population is expected to 
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grow by about 33%, while the population that will be living in urban areas is estimated to grow by 
72% (UNDESA, 2011). In general, rapid urbanization and improving living standards of urban 
population contribute to increase of the overall demand for water in cities. By 2030, almost half of 
the world's population will be living in areas of high water stress (UN Water, 2007). 


By 2025, water withdrawals are predicted to increase by 50% in developing countries and 18% in 
developed countries (WWAP, 2006), while nearly 1.8 billion people will be living in areas under 
severe water stress and the meeting of the water requirements for different uses (agriculture, industry, 
domestic purposes, energy and the environment, etc.) will be in the threshold (UN Water 2007). 
Furthermore, it has to be noted that existing water resources are threatened by the sources' pollution, 
which affects the inland and coastal aquatic ecosystems. Also, climate change due to global warming 
can strongly affect the availability of water resources in a small or a wider region. 


OECD Members enjoy high levels of access to networked systems of water supply and sanitation. 
However, OECD (2009) strongly doubts whether its Members will be able to face the major water 
and sanitation challenges even in urban areas due to the major investments required to repair and 
replace ageing infrastructure and the cost associated with meeting more stringent environmental 
requirements. For this reason, it recommends research on alternative sources in terms of water supply. 
In particular, it recommends RWH, grey and reclaimed water as alternative water sources. 


Regarding the physical alternatives to realize sustainable management of freshwater, there are two 
solutions. The first one is to find alternative or additional water resources by using conventional 
centralized systems, while the second is the limited use of available water resources in a more efficient 
way. Till today, much attention has been paid to the first case. Due to the difficulty of developing 
new freshwater resources, rainwater harvesting, water reclamation and reuse are important additional 
water resources. Moreover, collection, protection and re-use of rainwater are a viable process that can 
significantly increase available water resources and also reduce flood risks. Harvested rainwater is an 
alternative source of water in many parts around the world. 


The purpose of this paper is to investigate the current situation for rainwater harvesting as a tool to 
confront water scarcity, as well as the prospects for the spreading of the method in the various 
countries of the world. 


2. BRIEF OUTLINE OF THE HISTORY OF RAINWATER HARVESTING (RWH) 


RWH is a very old traditional and sustainable practice that has been adopted in many regions of the 
world as a water supply method both for potable and non-potable purposes. In many parts of the 
world, archaeological findings confirm that ways and means of collecting and storing rainwater for 
supplying water to human use, livestock farming and irrigation had been devised since antiquity. At 
that time the method of rain collection was very simple, while the use of water was immediate without 
any treatment. Probably, the first water collection system was a cavity either in a low permeability 
soil or in the rock in which the runoff was captured from the upstream surfaces. 


People in ancient communities, which were situated in arid and semiarid regions without an access 
to springs, lakes, perennial rivers or other water sources had to cleverly manage the available water 
resources, which were unfortunately deficient (Evenari et al., 1961). Rainwater was the main source 
of water for potable and non-potable use, thus rainwater harvesting was extremely important for their 
survival. 


RWH was practiced about 4500 years ago by the people of the city Ur in the region of Sumer 
(southern Mesopotamia, in modern-day Iraq) and later by Nabateans and other people of the Middle 
East (Sivanappan, 2006). The concept of RWH must have been applied in China 6000 years ago 
(TWDB, 2005). However, archaeological evidence in the Edom Mountains in southern Jordan 
indicates the existence of water collection systems even 9000 years ago for agricultural purposes. 
Evenari et al. (1961) described water collection systems in the Negev desert of Israel, which were 
probably constructed about 4000 years ago (ca. 2000 BC), or more. 
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During prehistoric times (ca. 3200-1100BC), large stone conduits with branches were used to supply 
collected water to cisterns in different Minoan cities (Knossos, Phaistos, Tylissos, Zakros, etc.) 
(Yannopoulos et al., 2017). Archaeological evidences show that in the Palace of Knossos owned a 
sophisticated rainwater collection and storage system, which had been in use as early as 1700 BC. 
Probably, this might be the first example of RWH in a building. 


The cistern construction technology of the Minoans and Mycenaeans was improved by the ancient 
Greeks during Archaic (c. 800-479 BC), Classical (478-323 BC), and Hellenistic (323-30 BC) 
periods. Specifically, during Hellenistic era, in several Greek cities rainwater was harvested through 
open spaces on the roofs, yards and other open spaces into covered cisterns for storage and future use, 
so as to meet their daily water needs (Yannopoulos et al., 2017). Numerous cisterns have been found 
in private or public buildings, quadrilateral, circular or bottle shaped. They were flat, pitched or 
vaulted roofed, while many of them were multi sectioned for water’s filtration. 


Afterwards, Roman private and public buildings included cisterns, usually under paved courtyards, 
in order to collect rainwater and increase the water available from the city's aqueducts. Their 
similarities with the rainwater tanks found in Minoan and Mycenaeans palaces or in 
Classical/Hellenistic buildings, in their form and technical characteristics, and generally in the whole 
technology related to their construction are more than obvious. The rectangular open space, called 
compluvium, which was gathering the rainwater falling on the surrounding roof into a basin placed 
below (mpluvium), so as to be available for household use, was a main architectural feature of Roman 
villas and houses. 


Collection and storage of rainwater in earthen tanks for domestic and agricultural uses was also very 
common in India, where simple stone-rubble structures for impounding rainwater date back to the 
third millennium BC. In China, the history of rainwater harvesting dates back to 4,000 years. The 
RWH and management in the country included cisterns, roof open spaces, soil or rock pits, ditches 
and micro-dams (Akpinar-Ferrand and Cecunjanin, 2014). There are, also, several archaeological 
findings that suggest that RWH was common in many areas of the world, including Egypt, Thailand, 
Mexico, Pakistan, Ethiopia, Jordan, Korea, Sardinia, etc. 


3. REVIVAL OF INTEREST FOR RAINWATER HARVESTING 


As Fidelibus and Bainbridge (1995) reported, “like many great solutions to environmental problems 
rainfall catchments (“water harvesting methods”) are a reinterpretation of ancient techniques 
developed in the Middle East and Americas, but forgotten by modern science and technology”. 
However, the increasing urbanization affected RWH practice which was reduced or even almost 
abandoned because of: (a) the available technical means during the industrial era, which made the 
water transfer from remote areas possible, through long and complex systems; (b) the ability to 
withdraw water form deep aquifers, so as to ensure the supply of large quantities of water, for industry 
and urban water demands; (c) the ability to manage large quantities of water and supply it constantly 
and safely via organized networks. 


During the 20th century, and specifically before 1950, very few activities had taken place on the 
research and implementation of water collection techniques. In particular, farmers in Australia had 
already begun collecting water for domestic use and livestock after World War I. During the World 
War II, there has been some water harvesting activities on islands with high rainfall, as e.g. in Antiqua 
(Prinz and Malik, 2003). 


Interest in water harvesting, both at the research and application level, was renewed partly due to the 
successful reconstruction of the water collection system for irrigation (1958 and 1959) by Evenari 
and his colleagues in the Negev desert of Israel. Pacey and Cullis (1986) consider that the work of 
Evenari et al. (1961) was of great significance due to the runoff farming models applied, the 
completeness of the research they made and the historical sources of the models they used. Modern 
water harvesting research was started in the 1950’s by H. J. Geddes, Professor of the University of 
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Sydney in Australia, who, according to Myers (1961), gave the first definition of water harvesting, in 
his attempt to differentiate "the collection end economic storage of farm runoff for irrigation" from 
"normal farm water conservation to provide water for livestock or household purposes" in the context 
of a project of the University of Sydney. 


In the U.S.A. water harvesting begun during the 1940’s and was generalized in the early 1950’s when 
several small catchments were built from small sheets of steel and concrete to provide drinking water 
to animals and wildlife. Lauritzen in the 1950's had pioneered an innovative technique of constructing 
catchments and reservoirs, that required the evaluation and use of plastic and artificial rubber 
membranes. 


In 1955, an important movement in research interest took place, when-cooperative studies on the 
collection of water for the livestock between the U.S. Department of Agriculture and the Utah 
Agricultural Experiment Station started by using the soil itself as a catchment surface and by treating 
it with waterproofing and stabilizing materials. In these studies, various soil cover materials were 
evaluated, such as plastic vinyl films and polyethylene-butyl rubber sheets, asphalt-coated jute 
fabrics, and chemical sealants (Lauritzen, 1960). Of these materials, plastic butyl films, when not 
under tension, exhibited excellent wear resistance from exposure to solar radiation, and their 
installation was relatively simple. However, many of these high cost structures, which were used only 
by public authorities on public lands, failed within 5-10 years mainly due to strong winds, which 
caused extensive damages. In 1960’s, systematic studies were initiated by various organizations 
(governmental, private, and universities) in the U.S.A., as well as in other arid or semiarid countries 
that concerned both the development and the assessment of new methods and materials to be used for 
the construction of water collection systems at low installation costs and the improvement of system 
reliability (Frasier and Myers, 1983). 


Further incentives for investigating the possibilities of water collection to improve plant production 
were provided due to the widespread droughts that occurred in the 1970's and 1980's in Africa and 
their effects on crops. Much of the experience with rainwater harvesting was gained in Israel, U.S.A. 
and Australia. However, this experience has limited relevance to resource-poor areas in the semi-arid 
regions of Africa and Asia (Critchley and Siegert, 1991). 


Moreover, interest in collecting and storing water for irrigation purposes was enhanced due to the 
improvements of the earthmoving machinery and sealing soil materials, which were reducing the cost 
and difficulty of preparing catchment for collecting water and they were improving the efficiency of 
the collection system. In general, since the 1950's series of experiments developed the variety and 
sophistication of the water harvesting technology. 


In recent years, many countries have renewed their attention in water collection techniques, which 
are regarded as a viable decentralized water source. The renewal of interest is also related to the role 
that decentralized water collection systems can play to mitigate flood risks, etc. and because the 
decentralized multi-purpose rainwater harvesting systems constitute useful infrastructures to mitigate 
other water related disasters, such as sudden water break and fire events, especially in highly 
developed urban areas. Nowadays, the art of collecting rainwater has received renewed attention and 
interest in many countries of the world as a viable decentralized water source e.g. Germany, Italy, 
Spain, France etc. in Europe; India, China, Malaysia, Japan etc. in Asia; Kenya, Ethiopia, Syria, etc. 
in Africa; in several states of U.S.A. (Nevada, Utah, etc.), Canada in North America; Brazil in South 
America; and Australia and New Zealand (Yannopoulos et al., 2017). 


In the framework of the present study, RWH means the method by which rainfall that falls upon a 
surface catchment area (roof, sidewalks, parking lots, landscape areas, etc.) is collected and routed to 
a storage facility for direct or future use (domestic and agricultural use). It is noted that RWH does 
not reduce the demand, but it can reduce the water abstraction needs. 
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4. EXAMPLES OF RWH AND UTILIZATION AROUND THE WORLD 


In recent decades, the interest in rainwater harvesting for both developing and developed countries 
(including several EU Member States) is growing. Notably, researches and applications have been 
carried out at various levels on: (a) the use and management of RWH; (b) the quality of harvested 
rainwater; and (c) hydrological or economic data for RWH. 


In several countries, both governments and local / regional authorities have promoted measures to 
install and use RWH systems, mostly under a legal framework, with financial incentives (subsidies, 
reductions or tax refunds, etc.). For example, some form of RWH is mandatory for buildings and 
houses in various cities and states of India (New Delhi, Indore, Chennai, Rajastan, etc.), Catalonia in 
Spain, Flanders in Belgium, in new buildings of some states of U.S.A. (Tucson, Arizona, New 
Mexico, etc.), in many Caribbean islands, in Germany (Hessen, Baden-Wirttemberg, Saarland, 
Bremen, Thuringen, Hamburg, etc.) The same is true in some Australian States, such as South 
Australia, New South Wales and Queensland, where regulations stipulate a new rainwater collection 
system or alternative water source. 


Meanwhile, manuals were developed about designing, constructing and managing of rainwater 
harvesting systems e.g. in the U.K., Malaysia, Japan, India, Canada, etc. In U.S.A. rainwater 
harvesting is not regulated by the federal government but rather it is up to individual States to regulate 
the collection and use of rainwater. Some States including Georgia, North Carolina, Texas, etc., have 
published manuals that provide information on the types of processing systems and components 
needed for meeting specific water quality objectives. In addition, at municipal level, several major 
cities, such as Los Angeles, San Francisco, Tucson, and Portland have issued guidelines and/or policy 
documents on treatment and permitting requirements for rainwater collection systems (USEPA, 
2013). 


To the best of our knowledge, there is neither European nor national regulations on the definition of 
quality standards for rainwater uses within the European Union. In several countries of the European 
Union, such as France (Décret du 2 Juillet 2008), the United Kingdom (BS 815, 2009), some 
standards have been proposed, which are merely guidelines (directives) focusing on domestic uses of 
rainwater. In Spain, there is the Royal Decree 1620/2007 which establishes quality standards for 
possible uses for recycled water (Llopart-Mascar6 et al., 2010). However, there is a lot of interest for 
rainwater harvesting in many European countries including Germany, France, Spain, Italy, Cyprus, 
Malta, United Kingdom, Austria, Belgium, Denmark, Portugal, etc. 


RWH is not restricted in simple small-scale roof collection systems, but it is extended to: (a) larger 
systems usually used for providing water for schools, stadiums, airports, etc.; (b) collection systems 
for high rise buildings in urbanized areas; (c) land surface catchment systems, and stormwater 
collection systems to prevent water sources’ pollution from roads, industrial sites, and agriculture. 
Large-scale RWH systems exist: (a) in Germany, such as in Berlin the DaimlerChrysler Potsdamer 
Platz and the building complex at Belss-Luedecke-Strasse; in Darmstadt the Technical University; in 
Frankfurt the Airport, etc.; (b) in the U.K., such as in London the Millennium Dome, the Museum, 
the Velodrome, etc.; in Manchester the Honda Dealership; in Bristol the Imperial Tobacco Head; (c) 
in Singapore the Changi Airport; (d) in Japan, such as in Sumida city the Ryogoku Kokugikan Sumo- 
wrestling Arena, the Town Hall, etc.; in Tokyo the Rojison, the Sky Tower, etc. 


In developed countries including Japan, Singapore, Belgium, France, Germany, U.S.A., etc. RWH is 
mainly used to supplement conventional systems for non-drinking water use, while in Australia the 
collected water has also potable use. In developing countries, such as Bangladesh, Botswana, India, 
Kenya, etc. RWH is mainly used to address water shortages for both potable and non-potable use 
(Lade and Oloke, 2015). 


In several Latin American countries, such as Argentina, Brazil, Costa Rica, Chile, Mexico and Peru, 
the RWH practice from roofs for domestic consumption is applied, while in the semi-arid areas of 
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Argentina, Brazil and Venezuela, runoff collection from roads in drainage ditches and street gutters 
is used, from which water is then transferred to cultivated areas for irrigation (Ringler et al., 2000). 


In Australian cities, RWH is popular. In urban areas, RWH systems are used to complement the main 
water system, whereas many rural and peri-urban communities completely rely on this. 30% of rural 
Australians use RWH while in the capital cities the 7% use it. About 13% of all Australian households 
(2.6x10° people) use RWH systems as a primary source of drinking water (Coombes, 2006). Local 
authorities throughout Australia encourage the use of RWH systems in urban areas to supplement 
main water supplies and to manage urban stormwater runoff. For this reason, the Australian, State 
and local governments, adopted a wide range of policies including (subsidies and grants) so as to 
provide the installation of rainwater tanks in houses. These incentives vary from State to State, 
depending on the size of the water reservoir and the purpose of using the collected water. In South 
Australia, almost 50% of the population lives in houses equipped with a rainwater tank. RWH is 
mandatory for new homes in Queensland (CMHC, 2013). 


In the USA, rainwater harvesting has become an increasingly common practice. Since 2004, it is 
estimated that about 100,000 residential RWH systems were in use in the USA and its territories 
(TWDB, 2005). Some States and Territories (Hawaii, Kentucky, New Mexico, North Carolina, Ohio, 
Oregon, Texas, Utah, Washington, etc.) consider RWH as a serious practice for protecting water 
resources and also, for increasing available volume of water for potable use. However, even though 
the major use of harvested rainwater is for landscape watering, flushing toilets, etc. there are a number 
of systems that serve indoor uses as well. It is worth mentioning, that with proper design and 
appropriate treatment, harvested rainwater is considered as a safe and dependable source of water for 
potable uses, particularly in remote communities (Krishna, 2007). 


In Bermuda, rooftop RWH is compulsory by law for all buildings and constitutes the primary source 
of water for domestic supply. Public Health Act regulates the details for the maintenance and 
conservation of the catchments, tanks, gutters, pipes, vents, and screens in order to be maintained in 
good situation (Lo and Gould, 2015). 


In Canada, most of RWH systems are for residential use in rural areas, where there is no access to 
central public water supply systems. In cities, most cases relate to buildings that have been certified 
according to one of the green building rating systems, in which the reuse of rainwater and the 
reduction of runoff were taken into account (E.A., 2010). Since 2010 National Plumbing Code is in 
force which permits the use of rainwater for toilet and urinal flushing, as well as subsurface irrigation. 
In addition, it permits the use of rainwater, both for all indoor and outdoor, depending on the level of 
treatment. RWH is mandatory for new homes in Queensland (CMHC, 2013). In Ontario, several 
municipalities recognize RWH as an important tool of confronting water resources management 
problems. The City of Toronto and the Regional Municipality of Waterloo have been active in 
promoting the technology through stormwater and green building policies (TRCA, 2010). 


In Mexico, RWH can make a significant contribution to reduce the water supply shortage that occurs 
in large areas of the country. In Guanajuato city of Central Mexico a project was conducted to harvest 
rainwater using the roof areas of the houses in a community with an average annual rainfall of 455.3 
mm and water storage tanks of a 2.5 m° capacity were installed in roofs of 74 m’. Both in the City 
and in rural areas hundreds of catchment systems have already been installed (Lizarraga-Mendiola et 
al., 2015). 


In Brazil, there is no legislation to cover the RWH at the federal level. Since 2007, NBR-15227 is in 
force, which has normative character and regulates the use of rainwater for non-potable purposes in 
urban areas. However, there are various cities and municipalities with laws that regulate the 
catchment and storage of rainwater for non-potable uses. Since 2002, the city of Sao Paulo is pioneer 
as it implemented the first law regulating these aspects. Thence, other major cities including Rio de 
Janeiro, Curitiba, Paraiba, among others, have been implementing similar regulations. Due to the 
large number of different laws and regulations in force in the different parts of the country it is 
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difficult to assess the extent to which Brazil is implementing RWH as an alternative to the municipal 
water supply systems (da Costa et al., 2017). 


In African countries rainwater collection systems are increasingly adopted. However, despite the 
rapid expansion of these systems progress is slow, because of: (a) the low rainfall and its seasonal 
nature, (b) the small number and size of impervious roofs, (c) the high cost of constructing catchment 
systems in relation to typical household incomes, (d) the lack of cement and pure graded sand in some 
parts of Africa, and (e) the lack of sufficient water for construction industry, which burden the total 
cost. However, RWH systems are increasingly expanding in Africa with works in Botswana, Mali, 
Malawi, South Africa, Namibia, Zimbabwe, Tanzania, etc. (UN-HABITAT, 2005). 


The effort to develop rainwater collection systems in Africa is led by Kenya, which has a very long 
tradition in these systems through the centuries. Since late 1970s, interest in RWH has rapidly grown. 
In different parts of the country, many RWH projects have been carried out, each one with their own 
designs and implementation strategies, in an effort to provide long-term solutions to water resource 
problems (UN-HABITAT, 2005). In the middle of the 20" century, the Government began to build 
rock catchment systems that served communities in the semi-arid area of Kitui district (Lo and Gould, 
2015). The variety of geographic and climatic conditions in the country has enabled the development 
of a very wide range of RWH technologies for water supply, agriculture and livestock. In Nairobi, 
there are several manufacturers of water tank from plastic, metal and other materials. These tanks are 
sold everywhere in East Africa and beyond (Lo and Gould, 2015). In many parts of Kenya, the United 
Nations Development Program and the World Bank consider rainwater storage tanks as an essential 
part of their programs on water supply and sanitation (Liu et al., 2016). It is noted, although it is not 
mandatory for institutional buildings to dispose RWH facilities, many of them especially in the rural 
areas have those facilities. In 1994, the Kenya Rainwater Association was established, which is the 
first national RWH association in Africa. Since then, tens of thousands of rainwater collection 
systems have been built in Kenya by a wide range of organizations, as a result millions of people are 
benefiting from these systems (Lo and Gould, 2015). 


Japan is one of the developed countries in Asia, which has a strong international exchange of 
experience on the use of RWH. Since the mid-80s, Tokyo and other Japanese cities, as well as most 
municipalities and organizations of the country, have given particular importance to RWH so as to 
safe water supplies to deal with emergencies, floods, rehabilitation of the natural hydrological cycle 
and exploration of alternative water sources for non-potable use (König, 2001). Moreover, the 
abnormal drought of 1994 and the Great Hanshin-Awaji Earthquake of 1995 highlighted the 
importance of securing water supplies from the viewpoint of disaster preparedness. A large number 
of municipalities re-evaluated the importance of RWH and tried to identify alternative water 
resources, as a means to prevent urban flooding and to secure emergency water for disaster responses. 
The issue was regulated by ordinance and guidelines according to the local conditions (Furumai et 
al., 2008). According to the survey of the Association for Rainwater Storage and Infiltration 
Technology held in April 2011, 208 Municipalities are implementing subsidy programs for 
establishment of facilities for storing or filtration systems of rainwater and of these, 179 provide 
subsidies for installation of rainwater tank. In April 2014, the Japanese Diet passed the Act to 
Advance the Utilization of Rainwater, which went into force the May 2015. Under this Act, 
Municipalities are obliged to do their best effort to define and work toward rainwater utilization 
targets, while the national government is required to grant financial support for subsidy programs. 
These arrangements are expected to provide a national mobilization to promote technical rainwater 
use (JFS, 2014). On March 10, 2015 Japanese government, based on the above Act, approved the 
wider usage of RWH systems in newly constructed buildings by the state government or incorporated 
administrative agencies, aiming for a 100% installation rate (JFS, 2015). 


In China, the growing interest for the RWH initiated in 1980s due to the widespread droughts of that 
decade, which was followed by serious shortages of drinking water and crop failures (Li, 2003). RWH 
practice and utilization is applied mainly in areas with the following types of water scarcity (Liu et 
al., 2016): (a) In water deficient areas with a lack of water resources, such as Gansu and central 
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Ningxia. (b) In areas with seasonal water deficit, such as Fujian, Guizhou and other hilly areas. (c) In 
areas with water deficit, but also with difficulty in exploitation, such as the southwest mountainous 
areas of the country. (d) In water deficient areas with poor water quality, e.g. brackish water, fluoride 
water, high-arsenic water, etc. In these areas, authorities have constructed water cellars, tanks, ponds 
and other miniature water conservancy projects as an effective solution to the problem of water 
shortage. Unfortunately, there are still problems of water deficit. Seventeen provinces in the country 
have adopted the RWH practice by building 5,600,000 tanks with a total capacity of 1.8x10? m? 
supplying water about 15x10° people and supplemental irrigation of 1.2x10° ha of land (Lo and 
Gould, 2015). RWH systems are also applied in provinces of Northwestern China (Ningxia Region, 
Shanxi Shaanxi and the Inner Mongolia Region) as well as in Southwest and Southeast provinces of 
the country (Guangxi Region and Guizhou Province). The implementation of rainwater collection has 
a significant impact on the development of China's semi-arid rural areas and has practically solved 
the drinking water problems of populations living in semi-arid mountainous areas of the country (Li, 
2003). 


In India, RWH was revived in the 1960s in response to declining groundwater availability caused by 
the rapid expansion of irrigation pumping. Many Indian's cities have insufficient water supplies to 
meet their needs. Urban development makes it both difficult and expensive to build dams, pipelines 
and canals commonly used nowadays in order to supply water to cities. RWH was supporting 
agriculture for many years in India, while there is a demand in urban areas for novel methods for 
decentralized water supply systems. Since 2000 onwards, the legislation on RWH has been changed 
in the various States and federal regions of the country and it is compulsory for the new buildings. 
The rooftop RWH systems are mandatory for new buildings in 18 of the 28 States and 4 of the 7 
Federal Regions of the country (MARWAS AG, 2010). 


Germany has developed new and sophisticated RWH systems and techniques and is considered as 
one of the leading countries in the world in this field. In particular, Germany has more than 1.5x10° 
integrated rainwater systems not only in homes for toilet use, but also for car washes and garden 
irrigation and also, in service water demanding industries (Herrmann and Schmida, 1999). According 
to the Environmental Agency (E.A., 2010), 35% of new buildings in the country are equipped with a 
RWH system, and such new systems are installed every year from 50,000 (Nolde, 2007) to 80,000 
(Partzsch, 2009). As Partzsch (2009) pointed out, in 2005, every third new building in Germany was 
supplied with a rainwater storage tank. In Germany, the promotion of RWH in households became 
widespread since the 1980s (Nolde, 2007). 


In the U.K., the modern RWH systems have been introduced relatively recently (E.A., 2010), since 
the interest in RWH research, technology, development and utilization has yet to mature, although 
several initiatives are in place to promote RWH (Ward, 2007). The Code for Sustainable Homes, 
which is in force in England, Northern Ireland and Wales, is supporting and encourages the promotion 
of RWH systems installation in new houses. In particular, owners of new homes are encouraged to 
save money and water resources by installing RWH systems for toilets, washing clothes, garden 
watering and car washing. According to UKRHA (2006), approximately 100,000 RWH systems 
already exist in the U.K. and approximately 4,000 systems per year are installed, which are commonly 
internally plumbed to supply toilet flushing as well as garden irrigation. 


In France, the interest in RWH for indoor and outdoor uses has increased and it constitutes serious 
issue even in the urban areas. As Gerolin et al. (2013) pointed out "rainwater harvesting (RWH) has 
known a revival of interest since the establishment in 2006 of a national tax credit for households 
implementing a rainwater collection system". Since 2008, a decree (French Government Order of 21 
August 2008) concerning RWH is in force. In reality, it is about regulations, which define better 
management of the use of rainwater and the precise technical requirements to be met by the 
components of the collection systems supplying both outdoor and indoor uses. Specifically, the 
regulations prohibit the use of harvested rainwater for drinking, showering or bathing, but they allow 
its use for toilet flushing, cleaning the ground and under certain conditions, washing clothes (Vialle 
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et al., 2015). In France, according to a survey conducted in 2009, 15% of the population has a RWH 
system in urban areas (Belmeziti et al., 2013). 


Belgium has national legislation that supports RWH, which stipulates that all new constructions must 
have a rainwater collection system, the water of which can be used for washing the toilet and for 
external water uses. In Flanders, it is estimated that 10% of current household water consumption 
comes from RWH, which could be increased to 25% by 2025. It is estimated that households account 
for 72% of the total rainwater use in Flanders. (Campling et al., 2008). 


In Portugal, the ERSAR (Water and Waste Services Regulation) guidelines allow the use of RWH 
only for non-potable use and, in particular, for irrigation purposes. ANQIP (National Association for 
the Quality of Building Installations), a nonprofit organization promoting water sustainability at 
building level, published in 2012 a technical document (ETA 0701, 2012) describing the procedures 
to be taken into account regarding installation of rainwater collection systems in Portuguese buildings 
(Silva et al., 2015). 


In Malta a significant proportion of 35.4% of households are currently using RWH, of which 33.6% 
collect it in underground cisterns and a small percentage of 1.8% in plastic containers. Since 2004, 
the exploitation of RWH in new constructions is regulated by plan of the MEPA (Malta Environment 
and Planning Authority), which regulates the creation of water collecting surfaces on roofs, the 
possible size and capacity of the tanks etc. (Reitano, 2011). 


5. CONCLUSIONS 


One of the biggest challenges of the 21st century is tacking the growing water shortages worldwide. 
The continued increasing demand for water from various competing users (domestic, agriculture, 
industry, environment use, etc.) and also, urbanization, climate change, water pollution, etc. exert 
pressures on the existing water resources. For these reasons, many countries are facing water shortage. 
In general, the strategy, that they followed, was constructing of large-scale projects (dams, pipelines 
of long length, pump stations, etc.). Nevertheless their construction has not been proven to be able to 
meet water needs of the different users, while at the same time has significant social, economic and 
environmental impacts, and requires significant investment. So, searching for alternative water 
sources (grey water, desalination and RWH) has attracted worldwide interest. Rainwater harvesting 
is seen aS a more promising alternative or supplementary water resource due to minimal 
environmental impact, the low treatment needs in comparison with other alternative water sources, 
the benefits from flood mitigation, and many more. 


RWH is not a new technique, since it has been a very old traditional practice, which has been adopted 
in many regions of the world and is dated back several hundred years. In antiquity, the main uses of 
harvested rainwater were for domestic, irrigation and livestock purposes. Nevertheless, RWH, which 
was a worldwide technology, was neglected over the past 150 years due to the new technologies 
which enable us to store, pump from deep groundwater and transport huge volumes of water (ground 
and surface) via dams, pump stations and long length pipelines. 


The literature reveals the interest and use of RWH systems, on a global basis, is increasing continually 
about from the beginning of the second half of the previous century onwards. As Yannopoulos et al. 
(2017) state: “Worldwide, rainwater harvesting has retrieved its importance as a valuable water 
resource, alternative or supplementary, in conjunction with more conventional water supply 
technologies. If rainwater harvesting is practiced more widely, many water shortages, actual or 
potential, can be alleviated.” 


Nowadays, many countries all over the world consider RWH as a viable decentralized water source. 
However, a significant push to extend this technique is needed. Specifically, significant efforts are 
still needed in research, investments, information, education of the public on the importance of 
rainwater harvesting, economic incentives (subsidies and tax exemptions), suitable legislation and 
regulations. 
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Until today, two approaches have been applied concerning the extension of RWH, namely either 
voluntary via incentive based programs or mandated regulations. In several countries the government 
subsidies and rebate programs can be particularly effective in promoting RWH implementation. In 
contrary to regulations that require compliance, subsidies target individuals with an appreciation for 
RWH and provide an incentive for them to pursue adoption of this practice. 
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Abstract 

The use of ecological rainwater management method and rain gardens in urban areas aims at: 1) 
reduction of total rain water runoff and of its peak and 2) reduction of property damage and activity 
disruption due to insufficient sewer network capacity. Rain Gardens cannot substitute by sewer 
networks, but they can be used as integral parts of sewer systems in a cost-efficient way. In this paper 
we apply and modify the Harmony Search Algorithm (HSA) in order to optimize the multi-objective 
problem of rain gardens. A Matlab script that estimates Pareto front is developed for this purpose. 
The HSA modification includes a gravity-factors system for every objective function. In conclusion 
the Pareto front is calculated at four different sets of gravity factors. 


Keywords: Rain garden, Optimization, Urban rainwater management, Harmony search algorithm, 
Metaheuristic methods 


1. INTRODUCTION 


The typical way to deal with rainwater in urban areas is construction of sewer networks, to achieve 
its quick transfer away of the urban setting to sewage treatment facilities, exactly as it is done for 
domestic sewage. Whenever, though, rain intensity and duration exceeds a certain threshold, sewer 
networks fail to carry the required load and rainwater flows or stagnates on street surfaces, covers 
sidewalks or, even worse, inundates shops and houses. 


Integrated rainwater management combines the aforementioned classical approach with low impact 
techniques (or sustainable management methods), such as rain gardens and green roofs. This type of 
management is advantageous from the environmental aspect and could be prove more cost efficient 
than sewer network upgrading. 


These techniques promote an ecological growth pattern. The sustainable rainwater management 
facilities are not substitutes to sewer networks, but they should operate in a complementary way with 
the latter. These networks may fail to fully protect all parts of urban areas during heavy rain event, as 
a result the use of street surfaces and sidewalks by pedestrians, due to water accumulating ,is a 
challenging task and renders the car driving unsafe. 


2. DESCRIPTION OF RAIN GARDENS 
Rain gardens can be constructed in many kinds of sites, such as pre-existing green spaces, stream 


areas, squares, parking spaces, house yards, open spaces of building blocks, school and church yards, 
along streets, etc. 


A typical rain garden includes the following: 
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a) Ponding area: It is a natural or artificial ground depression. In rather flat areas it is constructed by 
excavating soil from the ground surface. In sloping ground it is formed by soil excavation combined 
with building of an earth berm at the down slope side, using excavation material. Surfaces with large 
slope are not that suitable for rain garden construction. 


The bottom of the rain garden is usually covered by a mulch layer, before constructing the top soil 
layer. If water infiltration rate in the underlying strata is small, a gravel layer could be constructed on 
the bottom of the ponding area. A perforated underdrain pipe could be used for the same reason. 


b) Inflow structure, that directs rainwater from dounspouts or impermeable areas (streets, sidewalks) 
to the ponding area 


c) Overflow structure that allows water to exit the rain garden when the ponding are is full. This 
structure is necessary in order to reduce erosion risk and to direct ouflowing water towards the desired 
place (usually the sewer network). 


3. HARMONY SEARCH ALGORITHM 


3.1 Relationship between music and mathematics 

The relationship between music and mathematics has been close since the ancient times. 
Mathematicians tried to interpret the governing rules of mathematics using the art of music. On the 
other hand, composers tried to use mathematics in order to deeply understand music. 


During recent times, since the Baroque period, this bond has been strengthened. Sometimes as a 
conscious effort by musicians-composers and sometimes as part of a rumored and almost mystical 
relationship, mathematics and music came closer. Iannis Xenakis represents a special example. His 
deep knowledge both in mathematics and music is illustrated in his work on the use of mathematical 
functions to compose music (1992) distinguishing him among the most eminent music figures of the 
20" century. 


3.2 Analysis of Harmony Search Algorithm (HSA) 

3.2.1 The basic elements of the algorithm 

The Harmony Search Algorithm is a stochastic meta-heuristic method based on the sequential 
production of possible solutions. It belongs to the category of “neighborhood meta-heuristics” that 
produce one possible solution (called “harmony’) in each iteration. Every possible solution consists 
of a set of values of the decision variables of the function that needs to be optimized. During the 
optimization process, a number of “harmonies” equal to the “Harmony Memory Size” are stored in 
the “Harmony Memory” (HM), a database that includes the produced set of solutions. The 
optimization process is completed as soon as the predefined total number of iterations has been 
achieved (Geem, 2001). 


3.2.2 Characteristics of the Harmony Search Algorithm 

Following the definition of the decision variables, the Harmony Memory matrix is formulated. 
Harmony Memory is mxn matrix, where m is the Harmony Memory Size and n, the number of 
decision variables included in the objective function. Then, the algorithm begins producing and 
evaluating new “Harmonies” through the application of HSA’s basic mechanisms: 


1. Harmony Memory Consideration uses variables’ values already stored in the Harmony Memory. 
This mechanism ensures that good solutions located during the optimization process will 
contribute to the formation of even better solutions. 


2. Some of the solutions selected by the Harmony Memory Consideration mechanism will be 
slightly altered. This is the second mechanism of the algorithm named Pitch Adjustment and it is 
performed by selecting a neighboring values of the decision variables 
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3. The third mechanism is Improvisation, which introduces new, random elements to the solutions. 
The probability of introducing such random values is (100-HMCR)%. In this way the variability 
of solutions is enriched. 


After the creation of a new “Harmony”, its performance is evaluated according to the corresponding 
value of the objective function. If this performance is better than that of the worst “Harmony” stored 
in the Harmony Memory, it replaces it. This procedure is repeated until the ending criterion, is 
reached. 


4. OPTIMIZATION OF RAIN GARDENS 


A typical cross section of a rain garden is presented in figure 4.1, consisting of two layers of different 
granulometry soil materials with height d1 and d2 respectively. The free water surface in the garden 
has height h, while at the bottom of the cross section there is a collecting pipe with cross section D. 
There are two objective functions-goals for the cross section optimization. The first objective function 
is defined as the sum of the thickness of each soil layer, which for economic reasons should be 
minimum. The second objective function results from the maximization of the flow rate that can be 
filtered in the cross section. Water infiltration from the rain garden surface to the deeper layers is 
calculated using the Darcy law (equation 4.1) 


q= AK ~ (4.1) 


Where: 

q: infiltration flow rate per cross section meter 

A: area of infiltration surface 

K: equivalent conductivity for the two soil layers 

h: hydraulic load equal to the depth of the two layers plus the depth of the free surface 
L: flow length equal to the depth sum of the two layers. 


Since the flow is vertical to the soil layers, the equivalent conductivity for the two soil layers with 
conductivity K1 and K2 is resulting from the equation 4.2 


K = 33 (4.2) 


Therefore, the two objective functions of the problem are the equations 4.3 


V1 = d1 + d2 > MIN (4.3.1) 


iD) jee di+d2+h1 NAR (AS? 
= A~ > .3. 
di, d2 d1 + d2 ( ) 


K1 K2 


For this specific multi-objective problem the two values of thickness and the type of soil layers are 
considered as decision variables. Therefore, the decision variables are the following four: d1, d2, K1, 
K2. The soil conductivity values are obtained considering the 7 soil classes shown at Table 4. 
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Table 4: Soil classes-Conductivity 


Soil Texture Conductivity (m/s) 


Figure 4.1: Cross section of a typical rain garden 


In order to solve the problem and find the Pareto front we modify the typical algorithm of the 
Harmony Search so that we can solve the multi-objective problem. Since one objective function is 
minimized and the other one is maximized, we cannot compose the objective functions in one. Pareto 
front is a curve where every solution has equivalent performance for both objective functions. 
Therefore, the Pareto solutions cannot dominate one another. Finding the Pareto front (non-dominant 
solutions) is a quite complex process and the simplest way to deal with is to consider gravity factors 
for each objective function. Figure 4.1 presents the modification of the Harmony Search Algorithm 
along with gravity factors for the objective functions. Two possibilities-gravity factors are defined in 
this modification. The algorithm examines the objective function V1 with possibility p1 and function 
V2 with possibility 1-p1. 


Initialization Harmony 
Memory 


New Harmony from 
HSA 


pl-Evaluation New 


Harmony from V1 1-p1- Evaluation New 


Harmony from V2 


Is better than the 
worst value of 
Harmony Memory 


NO 


Figure 4.2: Application of Matlab programming language 
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The process is organized in Matlab programming language with various values of possibility p1 in 
order to find the Pareto front. A part of the code which presents the examination with gravity factors 
of the two objective functions is presented in Figure 4.2. 


ansl=NewHarmony (3,1) .*NewHarmony (4, 1) * (0.25+NewHarmony (1, 1) +NewHarmony (2,1) ) / (NewHarmony (1,1) .*NewHarmony (4, 1) - 
ans2=NewHarmony (1, 1)+NewHarmony (2,1); 
[pasl,wl]=min (VHM1) ; 
[pas2,w2]=max (VHM2) ; 
if rand>0.5 

if ansl>pasl 

HM ( : , w1) =NewHarmony; 

VHM1 (w1) =ans1; 

end 
else 

if ans2<pas2 

HM ( : ,w2) =NewHarmony; 

VHM2 (w2) =ans2; 

end 


Figure 4.3: The process in Matlab language 
5. RESULTS AND CONCLUSIONS 


The results for various values of gravity factors in objective functions are presented in Figure 5.1. 
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Figure 5.1: The results for various values of gravity factors 
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Conclusions: 


The p1 must be at least 50% in order to calculate the Pareto front. If p1 is less than 50%, then the 
algorithm cannot estimate the curve accurately. The best approach of the Pareto front appears 
when the p1 is between 60%-90%. Just a few values of Pareto fronts can be detected out of this 
range. 


In most cases the algorithm selects low values for depths d1 and d2 but high conductivity values. 
At the most Pareto solutions the depth values range from 1 to 1.5 meter. On the other hand the 
algorithm selects only high-conductivity soil classes. The solutions with low-conductivity soil 
classes or high-value depths are always in the shadow of the front. 
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Abstract 

Some of the most important issues concerning water resources are reduction of extreme consumption 
and protection of their quality. As time passes, researchers are trying to determine more effectively 
water consumption and pollutant burden which ends up in water resources in order to manage and 
protect them more appropriately. The constantly increasing water demand has currently led to global 
problems of pollution and water scarcity. However, the necessity of improving water management 
has led to the development and application of methods which aim to the extinction or at least the 
limitation of these phenomena. A recent perception of simultaneously estimating water consumption 
and water pollution is the concept of the water footprint, which was first introduced by Hoekstra in 
2003. The water footprint concept comprises the efforts to identify freshwater consumption, not only 
through direct but also through indirect use. It forms a volumetric measurement of water consumption 
and water pollution while it also constitutes the base for local assessment of environmental, social 
and economic impacts. In this paper, the water footprint of the hotel unit ‘Pantelidis’ in the town of 
Ptolemaida, Greece, is analysed. Moreover, solutions that could reduce this footprint and make this 
industry more environmentally viable, in terms of water use, are being investigated. 


Keywords: Water footprint, Water scarcity, Water pollution, Water consumption, Water resources 
management 


1. INTRODUCTION 


In this paper the water footprint of a hotel unit is analysed. At first, indicators about water use 
worldwide and the problems arising from the irrational and incorrect use of it, are presented. Then, 
having introduced the concept of the water footprint, reference is made to the hotel on which the 
methodology is applied. With the gathered information, the methodology, which has been applied 
primarily to agriculture so far, is adjusted to a service of the tertiary sector, such as a hotel unit. After 
the presentation of the results, the methods that are capable of converting the unit that is being 
investigated to an environmentally friendly one, in relation to the management of freshwater 
resources are suggested. 


Water is a finite and unequally distributed natural resource. In the last century, the rise of living 
standards of people, especially in the western world, was based on the industrial development. This 
rise of living standards has led to an increase in demand for clean, potable water, while at the same 
time created more sources of pollution. Urbanization, the concentration of large numbers of people 
in specific urban areas, led to the depletion of their own natural resources and intensified the need of 
transporting clean water from other distant regions, and thus, to the expansion of the problem. All 
these activities, the new approaches in land exploitation, the new standards of life and the new habits, 
had a series of effects in this finite resource, making it even more rare. 
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Table 1: Water consumption in households per person and per day in European and other 
counties (litres per day per person) [https://www.watersave.gr/files/PDF/1415ekp.pdf] 


oa Consumption ee Consumption 
oun oun 
Å (Litres/day/person) i (Litres/day/person) 


220 USA 300 


Table 2: Water consumption in households in Greece 
[https://www.watersave.gr/files/PDF/1415ekp.pdf] 


Use Litres Large water bottles 
Toilet 9 / time 6 

Shower 15 / minute 100 
Full bath 150 10 
Washing the hands and face 30 / 2 minutes 20 
Washing machine 150 / time 100 
Dishwasher 50 / time 33 
Washing fruits and vegetables 15 / minute 10 
Washing dishes by hand 150 / day 100 


The rapid population growth has as a consequence an increase in the needs for food supplies. The 
increasing demand of water for food production, industry usage, and maintenance of urban and rural 
populations has led to a growing shortage of fresh water (quantitative degradation) in many parts of 
the world. In many areas, groundwater is pumped at a rate that exceeds the corresponding 
replenishment, in a completely unsustainable manner. Likewise, the use of fertilizers and chemicals 
to improve soil quality, as well as the removal and the deposition of waste, degrades the quality of 
water supplies. Increasingly, therefore, natural resources are deficient both in quantity or quality. 


Because of the rapid population growth on Earth, mass consumption, and misuse of natural resources, 
the availability of drinking water cannot cover the needs of modern societies and is constantly 
decreasing. For this reason, water is a strategic commodity throughout the world and has already 
begun to be the cause for many political conflicts. Today an estimated 40% of people living on Earth 
haven’t got enough water even for hygiene. More than 2,2 million people died in 2000 from diseases 
related to the consumption of contaminated water. 
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Water is consumed in various ways, and then a large percentage of the used water returns to nature, 
significantly damaged by industrial or agricultural waste (fertilizers, pesticides etc.), sewage, waste 
materials, and leachate from illicit or legitimate waste disposal areas. Around 90% of sewage and 
70% of industrial waste water ends up in the environment without water purification [Bouguerra, 
2005]. Tourism has a great impact on local environmental systems. A sector, directly stressed from 
the tourist activities, is that of water resources. The seasonality of the tourist activities is undoubtedly 
the most important factor that affects water recourses. The sharp increase in population in one place 
for a certain time-period causes even greater increase in water consumption, since during holidays, a 
reduction of the sense of water preservation from tourists, has been observed. This can result not only 
in the enlargement of water problems during the touristic season, but also to more general problems 
of water scarcity throughout the year, which affect the permanent population as well. Today it is 
commonly accepted that the models of the water resources management followed so far, has not led 
to the desired results, either due to defects of the models or, because of their misuse. The challenge 
now is not only to meet the demand and increase the supply of water, but also to manage and reduce 
the demand. New approaches refer to rational management of a finite social good, participatory 
consultation, reduced consumption, protection from pollution, and reuse [Bouguerra, 2005]. 


More and more, governments, companies and communities are worried about future availability and 
sustainability of water resources. The water footprint is a methodological tool for the rational 
management of water resources, since, estimating the water footprint of a product can shape the 
potentials of new policies in water resource management [Hoekstra, 2015]. 


2. INTRODUCTION TO WATER FOOTPRINT 


A relatively new concept in the simultaneous estimation of water consumption and water pollution is 
the water footprint concept that was first introduced by Hoekstra (2003). Chapagain and Hoekstra 
(2003, 2004) have shown that the visualization of water uses, hidden behind production processes, 
can help in the understanding of the global freshwater consumption and to quantify its impact. In a 
next stage, better and more rational management of the freshwater resources of the planet will be 
possible, thus reducing the negative impacts of current practices mentioned in the previous chapter. 


The water footprint can be identified as a volumetric index of the various types and quantities of water 
which are used in the production chain of goods and is not just limited to the traditional concept of 
water withdrawals. The water footprint consists of three components [Hoekstra et al, 2011]: 


e The blue water footprint refers to the consumption of surface and groundwater resources within 
the production chain of a product. 


e The green water footprint refers to the rainwater stored as territorial moisture. 


e The grey water footprint, an indicator for pollution, is defined as the volume of water resources 
required for the assimilation of the polluting load from the water body. 


2.1 Analysis of the three components of the water footprint 
water footprint - green - blue & grey water 


irrigation water 
used 


Figure 1: Illustration of the three components of the water footprint [Hoekstra et al, 2011] 
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2.1.1 Green water footprint 

The green component refers to the rain which does not outflow on the surface nor replenishes the 
groundwater. The volume of rain refers to the part which is stored in the ground or remains 
temporarily on top of the soil or vegetation. Ultimately, this volume of water evaporates or is 
transferred through plants into the atmosphere. A definition that could be given for the green water 
footprint is the following: the green water footprint is the volume of rainwater consumed in the 
manufacturing process of a product. 


It is clear that the volume of green water footprint depends directly on the season to which we refer. 
The volume of rainwater during the summer months is significantly smaller than that during the 
winter months. It would be appropriate to mention that the volume of rain that reaches the earth is not 
equal to the volume of rainwater consumed during the production process because, the water volume 
vaporized and driven straight into the atmosphere must be removed. The contribution of the green 
water footprint in irrigation procedures, whether they relate to agricultural or to garden watering for 
aesthetic purposes, is particularly important. This consumption of green water in irrigation is 
calculated from a set of empirical formulas and crop models, taking into account the 
evapotranspiration that varies depending on the climate, the soil, the type and characteristics of the 
irrigated area. 


Green water footprint calculation: W.F.green = CWU,/ Y (1) 
where CWUsg: green water (rainfall) (m?/acre) 


Y : crop yield (ton/acre) 


2.1.2 Blue water footprint 

The blue component is the amount of surface or underground water consumed in a manufacturing 
process of a product. This water is obtained by pumping water. Cases in which this water volume is 
assumed to be consumed are the following: 


e Pumped water evaporates 

e Itis finally integrated into the product 

e It does not return in the same catchment area from which it was pumped 
e It does not return at the same time during which it was abstracted 


Through the blue footprint it is possible to estimate the amount of water available from water 
resources for consumption over a specific time-period. The blue footprint represents a measurable 
quantity, on the basis of which human actions can be regulated in order to balance the ecosystem. 
There is of course a limit to the amount of water pumped from the surface as well as from 
underground, as these waters with their flows contribute to a significant part to the water balance of 
the aquatic system. 


Blue water footprint calculation 


W.F.blue = CWUp/ Y (2) 
where: CWUb : blue water (irrigation) (m?/acre) 
Y : crop yield (ton/acre) 


CWU» = Xub (3) 
where: Up : Blue monthly water use (mm/month) 


ub= max (0, PET: — Pest) = I: (4) 
where: PETC : evapotranspiration (mm/month) 
Peff : beneficial rainfall (mm/month 
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Ir : crop irrigation requirements 
Ir = PETC- Peff + GW +SM +L (5) 


where: PETC : evapotranspiration requirements 
Peff : beneficial rainfall 
GW : groundwater contribution 
SM : water stored in the root 
L: Salt leaching factor 


2.1.3 Grey water footprint 

The grey component refers to the volume of freshwater that is required for the assimilation of the 
polluting load caused by the manufacturing process of a product. The consumption of this water 
volume continues to dilute the pollutants, until they become safe according to the water quality 
standards of the region. The grey water footprint is an indicator of pollution of water expressed in 
freshwater volume. 


The grey water footprint depends on the quality of the waste resulting at the end of its own 
management process. The ideal scenario is undoubtedly the zero outflow to the environment (zero 
grey). The most popular methods serving the above-mentioned purpose are the following two 
[Hoekstra et al, 2011]: 

e Water recycling (reuse water on-site to serve the same purpose) 


e Water reuse (reuse water to serve another purpose) 


Grey water footprint calculation 
The grey water footprint can be estimated through the application of the following equations. 


Lerit = R * (Cmax —Cnat) (6) 


where: Critical load (Lcrit) : the maximum pollution load that fully consumes the assimilation 
capacity of the water body (mass/time) 
R: runoff water body (mass/time) 
Cmax: maximum acceptable concentration of pollutants — quality limit (mg/l) 
Cnat: the physical concentration of pollutants without the influence of the human factor 
(mass/volume) 


Efflxc... — Abstrxc 
WF 5 EES aa ee (7) 


Cmar — nat Cmar — nat 
where: L: the polluting load resulting from the production process (mass/time) 


Effl: outflow volume 

Ceffl: concentration of pollutants in waste water (mass/volume) 
Abstr: volume of water that is eliminated 

Cact: concentration of pollutants in water intake 


2.2 Total water footprint 
The sum of the above three components is the total water footprint, which we wish to minimize 


W.F. = W.F.green +W.F.blue +W.F.grey (8) 
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2.3 Water footprint in Greece 

The largest water related problem is, as expected, in the agricultural sector. This fact is justified by 
the estimations of the water footprint of Greece. Particularly unfavorable is the country’s position 
regarding the water consumption. With an average annual consumption of 2,389 cubic meters per 
inhabitant, we have the second largest water footprint after the USA and twice the international 
average (1,24 m?*/year/inhabitant). Our large water footprint is due to increased water use for 
agriculture (85%), to the losses of the obsolete irrigation and water supply networks of the country, 
and to the overall mismanagement of water resources. 


3. PRESENTATION OF THE HOTEL UNIT “PANTELIDIS” 


The next section presents the profile of the hotel unit, in which the implementation of the water 
footprint methodology was assessed. The hotel complex "PANTELIDIS ' operates since 1989. It is 
located in the prefecture of Kozani. The area where the business is located, has an altitude of about 
640 meters and the surrounding areas are characterized as farming. There is no water source near the 
hotel except for the aquifer, which lies at a depth of more than 40 meters. 


3.1 Description of hotel unit 

The hotel is located within an area of 45 hectares, 2 km from Ptolemaida. It's a classic 4 stars hotel. 
It has a total of 88 rooms, with 188 beds while the average occupancy is estimated to 60%. The 
following table shows the capacity of the hotel. 


Table 3: The capacity of the hotel (room type, number of rooms, number of beds) 


Type of room | Number of rooms | Number of beds 
Double 82 164 
Quadruple 6 24 
Total 88 188 


3.2 Swimming pool 

The hotel features an outdoor swimming pool with a total area of 660,75 m°. Its capacity is estimated 
at about 1000 m°. The pool is filled in May and every day approximately 200 liters are removed and 
replenished. The pool is emptied in September. 


3.3 Garden 

The surrounding area is characterized by extensive planting, flowerbeds with various kinds of plants 
and lawns. The planting area is estimated at 3,371 m’. Besides the lawn, the following species of trees 
and shrubs, which surround the hotel garden, can be found: plane trees, lindens, leilant. 


-a 


F - pea 7 Mes e . 
Figures 2-3: The hotel's pool - Grass and trees in the restaurant 
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The area’s rainfall is enough to meet the needs of plants. It should be noted that these species do not 
require large quantities of rainfall for their preservation. At the summer season when the temperature 
is high and the sunshine intense, an irrigation system is applied. 


4. WATER FOOTPRINT CALCULATION OF THE HOTEL UNIT 


The hotel's activities that require water are listed below, as well as the way the people in charge secure 
and store the water volume. Then, by categorizing these activities and with the help of some surveys 
already carried out, the water consumption per person and thus the water footprint of the business 
under investigation is calculated. The hotel ensures the freshwater volume required for the water 
needs, through a borehole. The pumped water is directed through special filters in order to be ready 
for any use by customers and staff. In order to apply the water footprint assessment methodology, 
water consumption is categorized in the following: 


e Residence water footprint 
e Activities water footprint 


e Food water footprint 


4.1 Residences water footprint 
Refers to the fresh water consumed by customers to cover the majority of their needs. The following 
table shows the average daily water consumption per resident in a four-star hotel. 


Table 4: Percentage of water consumption and per resident water consumption in liters/day 
per category of activities in hotels [Gossling et al., 2011] 
Water 
consumption 


50% (465 1.) 
5% (47 1.) 
20% (186 1.) 
5% (47 1.) 
5% (47 1.) 
15% (140 1.) 


Activity 


The pool, the garden and the restaurants will be examined in the next category. According to the table 
above, the water footprint of the hotel is 280 liters per person. As the owners referred, the average 
occupancy is estimated to 60%. Considering that the rooms accommodate 188 beds, the average 
number of individuals served daily by the unit is 113. 


Therefore the water requirements are 113 * 280 = 31.640 litres/day. 
The above water footprint ranks in blue, because it is acquired from the aquifer through pumping. 
4.2 Activities water footprint 


Refers to water that is consumed for the operation of the swimming pool and for the irrigation of the 
garden. 
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4.2.1 Swimming pool 

The duration of operation of the swimming pool is 5 months (May-September). It is filled with 1000 
m° and daily 200 liters of water are removed and replenished. However, the consumption of this water 
will be split evenly on every day of the year. 


Therefore: (1000 * 1000) + (153 * 200) = 1.030.600 liters/year 
1,030,600/365 = 2.823,56 liters/day 


The above water footprint ranks in blue, because it is acquired from the aquifer through pumping. 


4.2.2 Garden 

The calculation of the requirements and, thus, the blue and green water footprint resulting from the 
irrigation of the hotel garden was performed taking into consideration, the averages of the following 
three parameters: average monthly temperature, average monthly temperature difference, average 
monthly rainfall for the period between July 2009 and October 2017. Knowing the geographical 
coordinates, the extraterrestrial solar radiation was estimated. In general, the calculation of the water 
footprint ends up in water volume per product unit. If, for example, corn production was under 
examination, then the performance of cultivation should be taken into consideration. However, in this 
case the grass from which emerges no fruit is investigated. Thus, there is no connection with the 
performance of cultivation and it is simply reduced to water per day. Therefore, from the garden 
irrigation, the green water footprint was estimated to 348,95 liters/day and the corresponding blue, to 
486,73 liters/day. It should be noted that the grey water footprint of garden irrigation is equal to zero, 
as no fertilizers and chemicals are being used, which would contribute to the pollution of local water 
resources. 


4.3 Food water footprint 

It refers to the water consumed by the customers of the hotel, both for the production of the products 
that make up the diet and for the direct consumption of water by themselves. Reference is also made 
to the volume of fresh water consumed in the restaurants. 


4.3.1 Restaurant 


Table 4 shows that the daily water consumption in the restaurant equals to 47 liters per day per 
resident. It has also been calculated that on average 113 people per day are served. 


Therefore 113 * 47 =5311 litres/day. 


The above water footprint ranks in blue, because it is acquired from the aquifer through pumping. 


4.3.2 Direct water consumption 


The amount of direct water consumption varies and depends on many parameters. However, studies 
have resulted to an estimation of 3.18 liters/person as the average daily amount of total water 
consumed for drinking. 


Therefore 113 * 3,18= 359,34 liters/day. The above water footprint is also ranked in the blue category. 


4.3.3 Indirect water consumption 


It refers to the food that is consumed by the customers of the unit and either contain water or water 
was used for their production. The daily diet of an average human being is estimated according to the 
following diagram. 
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Percent food consumption an average human 


m Produce Grain @Meat @Dairyandeggs mSugarandfat mm Other 


Figure 4: Percent food consumption of an average man 


[https://www.nationalgeographic.com/what-the-world-eats/] 


The official water footprint website (http://temp.waterfootprint.org/?page=files/productgallery) has 
formed a product catalog which lists the liters needed to produce one kilogram of each product. The 
percentages corresponding to blue, green and grey water footprint are indicated respectively. On the 
basis of data reported and the diagram of figure 5, the following table configuration was formed, 
which expresses the water footprint of an average human food — customer of the hotel unit. 


Table 5: Water footprint of each food that composes a daily diet of an average human 


49,94 32,96 (66%) | 5.49(11%) | 11,49 (23%) 
| 20% | 372 | 237 | 8816 49,37 (56%) | 10,58(12%) | 28,21 62%) 
| 11% | 203 | 822 | 166,87 113,47 (68%) | 26,7 (16%) 26,7 (16%) 


i | 8% | 148 | 2497 | 369,56 251,3 (68%) 73.91 = 44,35 (12%) 
Wheat | a |__| 287,83 201,48 (70%) | 54,69 (19% 31,66 (11%) 
| 2% | 48 | 1222 | 5866 | 4517 = 4.11 oa 9,39 (16%) 


iaa Live] [ums | sas noron | esicino anra — 
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Table 6: Water footprint of each food that composes a daily diet of an average human 


Susar and fat T% Grams | litre/kilo Total valor Green valer Blue yalar Grey aer 
footprint footprint footprint footprint 


| Sugar and swecteners| 4% | 66 | 9299 | 6072 59,51 08%) | Osia% | 0610% 


Vegetables oils 3015 96,48 79,11 (82%) 16,4 (17%) 2,9 (3%) 
| Otherois | 1% | 19 | 2854 E az (71%) eee 8.77 (16% 


Alcoholic beverages cs 44,472 31,13 (70%) 7,12 (16%) 6,23 (14%) 


| Miscellaneous | ae ia 11,12 (96%) 0,12 (1%) 0,35 (3%) 
ee 11397 | 216,543 216,54 (95%) 6,5 (3%) 4,33 (2%) 


The sum of the columns of the above two tables resulted in the following results of the total green, 
blue and grey water footprint of the human diet 


e Green water footprint: 1.976,176 liters/day/person 
e Blue water footprint: 284,189 liters/day/person 
e Grey water footprint: 247,298 liters/day/person 


Considering the fact that 113 people are serviced daily: 
e Green water footprint: 223.307,888 liters/day 

e Blue water footprint: 32.113,357 liters/day 

e Grey water footprint: 27.944,674 liters/day 


Table 7: Aggregated results of green, blue and grey water footprint of the hotel unit 


Blueray) | Grey ere 
_ oe 4 
a 


Direct water consumption 


Indirect water consumption | _223.307,888 27,944,674 
223.656,838 72.733,987 27.944,674 


W.F. = W.F.green +W.F.blue +W.F.grey = 324.335 liters/day 


92 


Protection and restoration of the environment XIV 


5. PROPOSALS TO IMPROVE THE MANAGEMENT OF WATER RESOURCES OF 
THE HOTEL UNIT 


At this point a simple report — summary of provisions and techniques for saving water in hotels is 
made. The application of these proposals is expected to reduce the water footprint of the unit [Meras, 
2014; Chatzi, 2018] 


e Biological cleaning installation.. 
e Sensors in all taps for automatic closure. (An open tap consumes 9 liters of water per minute). 


e Installation of water consumption meters around the building, so the slightest leak can be 
immediately repaired. One drop per second costs over 4 liters a day or else 1500 liters per year. 


e Water saving devices (hippo bags). The replacement of all hotel’s cisterns with new technology 
is a highly expensive process. That is why there are special bags placed inside the muffler, saving 
significant amounts of water. Even placing a bottle inside the muffler does the same job and is 
estimated to save approximately a 10% water. 


e Collecting rainwater for watering the garden and cleaning the unit’s facilities. 


e Replacement of showers and water spray taps with air rates. The water runs with air rates, so as 
to reduce the consumption of water. 


e Replacement of bathtubs with showers. Use of ecological and biodegradable detergents, in order 
to recycle water from the kitchen, showers and washbasins for irrigation (grey water). 


e Adoption of an optional linen change process in guest rooms. Changing of the towels and bed 
linen is only made on the suggestion of the tenant. This process has shown that it is particularly 
acceptable to the tenants and highly efficient in saving water resources. 


e Recycling poll water. 


e Inform visitors about water saving effort through a prospectus, mounted in every room. 
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Abstract 

In the current paper are presented the results of a survey conducted in specific sections of the Nestos 
river pointing out some of the basic features of the river behavior, in order to create a real data base 
available to everyone who is interested in further study and research. It consists of two sections; the 
first one is the calculation of suspended sediment and the second one the calculation of trolling matter. 
Specifically, in the first part the flow rate and sediment transport were calculated, where it was 
observed that the increase of flow rate resulted in the increase of sediment transport, which is fully 
verified by the results of the research and it is concluded that the initiative assumptions were correct. 
Moreover, in the second part, the transportation of the trolling matter on the field was initially 
measured and then the same data were reevaluated using the Meyer-Peter and Miiller equation, which 
is one of the most reliable equations concerning the evaluation of trolling matter transport. In the end, 
after a comparison of the results relative convergence was observed and the results are reliable for 
use, expressing the basic characteristics of the Nestos river. 


Keywords: Suspended sediment, trolling matter, flow rate, Nestos river, Meyer-Peter and Müller 
equation 


1. INTRODUCTION 


As load transport materials are characterized solids that are transported by water or deposited.They 
are presented in the form of suspended, bottom or floating materials[5]. The suspended solids, which 
are usually the bulk of the load transport material, are in static or dynamic balance with water and are 
kept suspended by turbulence [2]. The bottom materials move on the bed or on the ground by sliding, 
rolling or bouncing(trolling matter)[2]. The floating materials have usually organic origin, such as 
e.g. aquatic plants, tree parts etc.and constitute 2 to 5% of the suspended materials.a Many times, 
however, they prevent dams operation. Measurements [1] of load transport material are a prerequisite 
in order to estimate the accumulation of sludge in riverbed and along the banks of rivers, sediment 
deposition in natural and artificial lakes, the delta formed at the estuary of a river to the sea, quantity 
of harmful substances (e.g. heavy metals that affect water quality) and finally the erosion of a 
catchment area due to heavy rain and surface runoff [10]and for the application of appropriate 
measures against corrosion. The delimitation between floating and bottom load transport materials 
depends on the instantly state of transport such as the velocity of water[2]. For suspended material in 
rivers with high velocity of water is sufficient the sampling in a single spot near the water surface in 
the middle of the river. Generally, the determination of the amount of suspended materials is based 
on the float rate [kg/s], float rate per width unit of the river[kg/(s-m)], floating load [t],the 
concentration[g/m?] or content[ppm] or density [kg/m?]of suspended materials[3].For the bottom or 
trolling materials, similar definitions apply, concerning the determination of the quantity of bed load 
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transport [kg/s], the bed load transport per width unit [kg/(s : m)] and the transport load of this bed[t] 
[3]. The bed load material transport is taken per unit of width, if the weight of the ‘captured’ materials 
is divided by the time of measurement and the width of the opening (of the gabion). The 
measurements of the bed load transport are difficult due to the discontinuous movement of the bottom 
materials in the form of sandblasts [1]. Such measurements are mostly made only on large rivers. 


This paper describes the process of measuring the bed or sediment load transport of international 
importance Nestos River and concerns the load of the bottom materials(or trolling matter) and the 
load in suspension. These are the basis for the calculation of the quantity of sediments, in specific 
time, which are transferred to the estuary of the river[7] to the sea, which constitutes a Wetland of 
International importance and part of the National Park. 


2. MEASUREMENTS OF SUSPENDED LOAD TRANSPORT 


Nestos River is one of the five largest rivers in Greece[7] and delineates the borders between 
Macedonia and Thrace as well as the prefectures of Kavala and Xanthi. Five measurements were 
performed between 17 — 30 of July 2015 in five different sections of the river in order to estimate the 
suspended load transport[11]. These measurements took place in cross sectionsof the river which are 
approximately 2 km from the village Kyrnos. 


Measurements include the following sub — tasks: 

e Section selection and its division in subsections. In each section, separately, the depth of the river 
and the flow rate were measured with a special rotational speed measuring instrument(current 
meter, VALEPORT model BFM001). 


e Water sampling (1.5L volume) from each section. Laboratory processing of each sample to find 
the net weight of sediment. 


e Estimation of surfaces of already separated sections. 


e Finding water flow in each subsection of the cross — section and estimation of suspended load 
transport throughout the cross — section, with the following equations [6]: 


Q, = VA, (2.1) 

C= 2 CO, (2.2) 
f Yo, 

m, =C,>1O, (2.3) 

Where: 


Vmi: average flow velocity in part i of the cross - section [m/s] 

Ai:area of part i of cross — section [m7] 

Qi: flow rate of part I of the cross — section [m°/s] 

Ci:concentration of suspended matter in the part i of the cross — section [kg/m] 
Cs:concentration of suspended matter in the entire cross — section [kg/m°] 


ms: total suspended load transport matter in the cross — section [kg/s] 
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Below it is presented in detail the procedure[12] followed for the five measurements.It was 
typicallychosen to be presented only the measurement process of the first measurement with the 
stages, calculations and laboratory tests that took part. The remaining four measurements did not show 
any difference in how they were applied and tested as they followed exactly the same procedure and 
sequence of actions. 


2.1 Procedure of the first measurement 

The first measurement was performed on Tuesday 17 — 07 — 2015 and took place at a total cross — 
section width of 18 m. Figure 1 shows the cross — section of Nestos river, where the first measurement 
was made. The results of the flow rate measurements at a characteristic point of the cross — section is 
shown in Table 1. 


et] E2 | E3 BES Ts | E6 Bra 


0.70 m 0.57 m 


0.75 m 0.52 m 


Figure 1: Graphic representation of the cross — section (1* measurement) 


Table 1. Depth and flow velocity at a characteristic point of the cross — section (1% 
measurement) 


Depth Velocity 
Measurement jem] [imsi 
1 75 0.778 


2.2 Cross section area measurement 

The cross — sectional area in which the first measurement was made is estimated by measuring the 
surface width of the cross — section divided into subsections. In each section correspond two 
trapezoids or a trapezoid and a triangle, which are on either side of each measurement position (Figure 
1). The sum of the areas of subsections constitutes the total area of cross — section[2]. 


The measurements of all individual trapezoids and triangles givethe following results (Table 2): 


Table 2. Area of individual trapezoids and triangles of cross — section (1* measurement) 


Measurement A/A trapezoid or triangle E [m’] 
1 0.53 
2 1.78 
3 2.05 
1 4 1.40 
5 0.95 
6 1.48 
I 0.49 


2.3 Laboratory test on the water sample of the first measurement 
The test was performed on a sample of water taken from the cross — section, located about 2km from 
the village of Kyrnos with coordinates LL 40.99 — 24.75. 
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The sample content in sediments was calculated with special retention filters. The retention filters 
were weigh twice. The first weighing gave the filter weight and the second the weight of the 
suspended material. 


The test took place at the laboratory of the Environmental Engineering Department of DUTH. The 
test results are summarized in Table 3 


Table 3. Weight of suspended matter from the sample of the 1* measurement 


Filter weight before Filter weight after weg E T Suspended 
: : matter inside water bottle 
Sample retention retention 
[e] [e] of llt 
F Š [g] 
1 0.09293 0.09344 0.00102 


2.4 Calculation of suspended load transport from the 1* measurement 
In Table 4 below, it is shown in detail the calculation of the flow through the cross — section 
considered. The same Table gives the concentration of suspended materials. 


Table 4. Flow estimate (1%* measurement) 


Position 
[m/s] [m] [m°/s] [g/t] 
1 0.778 8.68 6.753 0.00102 


The suspended load transport of the entire cross — section is calculated[6] according to equation 2.3: 
ms = Cs*)OQ=0.0069 kg/s=6.9 g/s 

The suspended load transport per unit of river width is: 

0.0069/18 = 0.000383 kg/s'm 


3. PARTICLE SIZE ANALYSIS 


In the bed of Nestos River[7], during the five measurements the load transport sediment was trapped 
with a special landing net, with a specific square opening (7.5cm*7.5cm) at the back of which a net 
for collecting sediments is attached. 


The device was placed parallel to the stream for a period of one to five (1-5) minutes. Each sample 
drained at a temperature of 105°Cand then, in the laboratory of Hydraulic Sector of the Civil 
Engineering Department of DUTH was performed the particle size analysis with sieves. 


Table 5 below shows the particle analysis[4] of bed load transport samples of the first measurement, 
which is representative of all other measurements, while in Figure 2 is given the particle size curve 
of the first measure. The particle curves of the samples of other measurements employ identical 
form[10]. 
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Table 5. Particle size analysis of 1* sample (1% measurement) 


Particle size analysis with sieves 
Date: 17/07/2015 Overall ground weight: 172.81g 
da Sieve Loop paa Retained pared Percentage 
number size weight percentage perceniaee thinner 

[mm] [g] [%] [%] [%] 
1 - 1.5 126 73 73 27 
2 - 1 40.90 23.6 96.6 3.4 
3 35 0.5 5.80 3.34 99.94 0.06 
4 60 0.25 0.09 0.05 99.99 0.01 
5 120 0.125 0.02 0.01 100 0.00 
6 230 0.063 0.00 - - - 
100 


Pecentage thinner[%] 


Loop size [mm] 


Figure 2. Particle size curve of 1°‘ sample 
4. MEASUREMENTS AND CALCULATIONS OF LOAD TRANSPORT BED 


4.1 Equation of Meyer — Peter and Müller 

For the calculation of load transport rate of the river (due to sliding) a semi — imperial equation exist 
that applies to certain values of hydraulic parameters of sediments. In the present paper Meyer — Peter 
and Müller equation (1949) was used, which has a very good position between equations for 
estimating the load bed [13]. This can be written: 


i Pr La (To = Ta) (4.1) 
E Pr = Pw Pw 
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The introduction of the hydraulic radius Rs into equation (4.1) was made to take indirect account of 
the roughness of the side walls of the open duct [4]. The Qs/Q ratio is often taken equal to 0.8 
approximately or 1 in square conductors. The introduction of the Ir friction gradient was made, 
because only one part of the available energy is consumed to move the weighed matter [5]. 


4.2 Calculation of Ks factor and his calibrated value 

In order calculate Ks, all known parameters of the current test were replaced in formula (4.1), 
according to the Meyer-Peter and Miller method [13]. Hence, having only the unknown size of the 
Ks , the corresponding Ks was calculated each time. After the same procedure was followed for all 
measurements, all the values of Ks factor were gathered and presented in table 6 and also their average 
value. 


Table 6.Values of Ksem!/3/s 


Measurement 


Kst 


Average 


4.3 First measurement of load transport bed 

In this project, as it was mentioned before, a specific metal collector was used with a square opening 
7.5cm x 7.5cm at the back of which a net for collecting sediments and trolling matter is attached. The 
device was placed parallel to the stream for a period of one to five (1-5) minutes. The overall mass 
of the captured matter of the sample during the first measurement was 172.81g or 0.17281kg. 


For the measurement of sediment transport rate of the bed (table 7), the 0.17281 kg of sediment were 
divided with the width of the opening of the device (0.075 m)and the time of collection (61 s). 


moG=0.17281/(0.075 x 61)=0.03777 kg/(m-:s) 


Table 7. Measured sediment transport rate (1* measurement) 


Sample mass m= | 0.17281 kg 

Collector’s width b= | 7.5 cm 0.075 m 
Collection time t= | 1.02 min 61s 
Sediment transport rate mc= | 0.03777 kg/(m:s) 


4.4 Calculation of sediment transport rate for the data of the first measurement 

The Meyer-Peter kai Müller type in combination with Einstein and Barbarossa method, is now 
applied in the data of the measurement in order to calculate the sediment transport rate of the bed 
(table 8)[13].It is also noted that factor Ks is taken equal to 16.33 m!/s, exactly as it was calculated 
from calibration procedure[2]. 
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Table 8. Data of first measurement and sediment transport rate calculation 


Overall bed width b= | 18m 
Depth of flow h= | 0.482m 
Average velocity m= | 0.778 m/s 
Bottom inclination I= | 0.005 
Kg factor Ks= | 16.33m'9/s 
Characteristic particle diameter doo= | 0.00355m 
Interstitial particle diameter dso= | 0.0021 m 
Density of sample of suspended load pr= | 2650 kg/m? 
Gravity factor g= | 9.81 m/s? 
Water density pw= | 1000 kg/m? 
Wet section A=bxh= | 8.68m? 
Wet wall perimeter Uw=2xh= | 0.964 m 
Wet bed perimeter Us=b= | 18m 
Average particle diameter dm=ds0= | 0.0021 m 
Calculation 
p =(pr-pw)/pr= | 1.65 
K= | 66.57m'"/s 
L= | 6.075x 104 
Rs= | 0.453 m 


Sediment transport rate mc= 47.92 x 10-3 kg/(m:s) 


After the same procedure was followed for the rest of the measurements, it was observed that there 
is convergence in a great level between measured and calculated sediment transport rate of the bed in 


most cases. 


5. DISCUSSION AND CONCLUSIONS 


In order to provide some clear conclusions from the measurements and the calculations, which are 
referred previously, a centralized statement [9] is made through two tables. Table 9 includes the flow 
rate, concentration of suspended sediment and suspended sediment transport rate in every of the five 
specific sections, as they emerged from the measurements, while table 10 includes the measured and 


calculated sediment transport rate for each of the five sections. 
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Table 9.Flow rate, concentration and transport rate of suspended sediment 


Flow Concentration Suspended Suspended 

Measure Date rate [g/It] sediment sediment 

[m?/s] transport rate transport rate 

[g/s] [kg/(m-s)] 

1 17.07.2015 6.753 0.00102 6.9 0.000383 

2 21.07.2015 2.418 0.00146 3.5 0.000304 

3 24.07.2015 11.022 0.00112 12.34 0.000494 

4 27.07.2015 9.284 0.00106 9.84 0.000502 

5 30.07.2015 9.01 0.00114 10.27 0.000642 


It is observed that the highest value of flow rate was measured during the third measurement, which 
completely corresponds to the highest value of suspended sediment transport rate. Furthermore, the 
lowest value of flow rate (second measurement) matches with the lowest value of suspended sediment 
transport rate. 


In the following table the measured and calculated sediment transport rate are presented during the 
five measures in some sections of Nestos River. 


Table 10.Calculated and measured sediment transport rate 


Measured sediment Calculated sediment 
Measure Date transport rate transport rate 
[kg/(m-s)] [kg/(m-s)] 
1 17.07.2015 0.03777 0.04792 
2 21.07.2015 0.02658 0.004071 
3 24.07.2015 0.05832 0.04691 
4 27.07.2015 0.0854 0.1068 
5 30.07.2015 0.10021 0.1225 


As it is occurred from table 10, there is a relative deviation between the sediment transport rate that 
was measured and the one that was calculated during the second measurement. This deviation was 
probably the result of a random incident or a mistake in this specific measurement. As far as the rest 
of the measurements are concerned, the deviations between measured and calculated sediment 
transport rate of the section of Nestos River are under reasonable bounds.In conclusion, in the first 
stage, in which there was calculation of the flow rate and sediment transport rate, the increase of the 
flow rate resulted to the increase of sediment transport rate, which is a fact that can be fully confirmed 
from the rest of the outcomes. Furthermore, we can conclude that the initial assumptions were correct 
[2]. In the second stage the trolling matter transport rate was measured in the field and afterwards 
with the same data there was again calculated the same rate but this time using the Meyer-Peter and 
Müller equation [13], which is one of the most famous and reliable equations concerning the 
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evaluation of trolling matter transport rate. Thus, there was a comparison of the results [8] and it was 
observed that there is a sufficient convergence between them. Finally, it became clear that these 
results are reliable for further use, they express the basic features of Nestos River[5] and they 
constitute a reliable data base for the future. It is worth to mention that is necessary, in order to avoid 
mistakes and for more representative results of this kind of measurements, to have a more adequate 
number of measurements, from which some extreme rates should not be taken under consideration 
or, differently, lower importance to be given to them [9]. 


The creation of a real archive of measurements and data forms the basic purpose of this project as the 
only goal is the possibility of using them for further study and research. Moreover, the potential 
comparison and evaluation of new calculations, measurements and results and finally the designation 
of the behavior and basic features of Nestos River. 
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Abstract 

This research focuses on the assessment of irrigation water quality in a cultivated basin 
(Anthemountas Basin) of central Macedonia, Greece. Specifically, it was performed a risk assessment 
of soil salinization or alkalization due to irrigation water quality, as well as an assessment of the 
anticipated adverse effects and the potential toxicity in crops due to the presence of harmful 
substances in irrigation water. In this context, 45 samples from irrigation boreholes were analyzed for 
assessing electrical Conductivity (ECw), pH, Sodium Adsorption Ratio (SAR), Na, Ca, Mg, Cl and 
B. Results revealed that regarding ECw, 71% of boreholes appeared to have values below 0.7mS/cm, 
hence characterized as of negligible risk, and 29% of the boreholes had values between 0.78- 
1.1mS/cm, hence characterized as of small to medium risk. In respect to crop toxicity due to the 
concertation of specific ions at soils, the risk due to sodium (Na) and Chlorides (Cl) appears to be 
low; however, the risk due to boron (B) appears to be significant in a few cases accounting for 
concentrations up to 2.87 mg/L in irrigation water. The pH values are within the acceptable range of 
irrigation waters and the probability of irrigation system clogging due to salinization effects appears 
to be low to negligible. Nevertheless, agricultural practices including the management of irrigation 
water resources should be frequently monitored and managed rationally in order to maintain an 
optimal quality status of water reserves and soils, hence contributing significantly to the sustainable 
agriculture. Towards this direction, specific suggestions are given taken into account the specific 
conditions and characteristics of the area. 


Keywords: Irrigation water quality; salinization; alkalization; crop toxicity; Anthemountas basin 
1. INTRODUCTION 


Water used for irrigation can vary greatly in quality depending upon type and quantity of dissolved 
salts; salts are present in irrigation water in relatively small but significant amounts. They originate 
from dissolution or weathering of the rocks and soil, including dissolution of lime, gypsum and other 
slowly dissolved soil minerals (Singh, 2018). These salts are carried with the water to wherever it is 
used. In the case of irrigation, the salts are applied with the water and remain behind in the soil as 
water evaporates or is used by the crop. 


The suitability of a water for irrigation is determined not only by the total amount of salt present but 
also by the kind of salt. Various soil and cropping problems develop as the total salt content increases, 
and special management practices may be required to maintain acceptable crop yields. Water quality 
or suitability for use is judged on the potential severity of problems that can be expected to develop 
during long-term use. 
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The problems that result vary both in kind and degree, and are modified by soil, climate and crop, as 
well as by the skill and knowledge of the water user. As a result, there is no set limit on water quality; 
rather, its suitability for use is determined by the conditions of use which affect the accumulation of 
the water constituents and which may restrict crop yield. The soil problems most commonly 
encountered and used as a basis to evaluate water quality are those related to salinity, water infiltration 
rate, toxicity and a group of other miscellaneous problems. 


While the salinity tolerance of crops varies among species, all crops are negatively affected at some 
point by increasing salinity levels of irrigation water (Western Fertilizer Handbook, 1995; Ayers and 
Westcot, 1976; Buckman and Brady, 1967; Miller and Donahue, 1995; Pereira and Marques, 2017). 
Use of salty irrigation water may lead to two major problems in crop production; salinity hazard and 
sodium hazard (McFarland et al., 2002). When irrigation water is used by plants or evaporates from 
the soil surface, salts contained in the water are left behind and can accumulate in the soil. These salts 
create a salinity hazard because they compete with plants for water. Even if a saline soil is water 
saturated, plant roots may be unable to absorb the water, and plants will show signs of drought stress. 
Foliar applications of salty water often cause marginal leaf burn and, in severe cases, can lead to 
defoliation and significant yield loss (McFarland et al., 2002). Higher electrical conductivity and 
salinity in irrigation water cause an increase in soil solution osmotic pressure (United States 
Laboratory Staff (USSLS), 1954). Excess soluble salts in the root zone restrict plant roots from 
withdrawing water from the surrounding soil, effectively reducing the plant available water (Western 
Fertilizer Handbook, 1995; Bauder, 2001; Bauder and Brock, 2001; Hanson et al., 1999; United States 
Development Agency (USDA) Natural Resources Conservation Service, 2002). 


The aim of the present study focuses on the assessment of irrigation water quality in a cultivated basin 
(Anthemountas Basin) of central Macedonia, Greece. Specifically, it seeks to perform a risk 
assessment of soil salinization due to irrigation water quality, as well as an assessment of the 
anticipated adverse effects and the potential toxicity in crops due to the presence of harmful 
substances in irrigation water. 


2. STUDY AREA DESCRIPTION 


Anthemountas River basin is located in central Macedonia, Greece. It is the northwest part of the 
Chalkidiki peninsula and covers 318 Km2 approximately (fig. 1). It consists of two main sub basins, 
namely Basilika (208 Km2) which occupies the lower parts and Galatista (110 Km? ), which is 
situated topographically higher. 


A dense well-formed stream network drains the area while the geological features include a large 
variety of different sediments combined with various geological formations. The hydrogeology, 
consequently, presents complex features (Fikos et al., 2005). The sedimentary formations are the 
hosts of confined and unconfined porous aquifers with variable morphological characteristics. 
Fissured rock aquifers are developed in the crystalline and metamorphic rocks, whereas a karstic 
aquifer is located in the carbonate rocks (Kazakis et al., 2016). A detailed description of these 
aquifers’ characteristics can be found in previous studies (Kazakis et al., 2015). 


The main crops of the area include weed (70%), followed (30%) by corn, cotton and vegetables. The 
irrigation water is solely based upon the abstraction of groundwater resources by private boreholes. 
The dominant irrigation method is drip irrigation accounting for the 85% of cotton, corn and 
vegetables, followed by springler irrigation which accounts for 15% of the same crops, respectively. 
Regarding weed crops, they are mainly rain-fed, and is rare episodes of extended drought, they are 
irrigated once or twice by springler irrigation. 
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Figure 1: Study area and borehole sites 
3. MATERIALS AND METHODS 


Totally 180 samples were collected from 45 irrigation boreholes of Anthemountas basin (fig. 1) 
during 4 sampling campaigns (May 2010; August 2010; November 2010; January 2011), practically 
covering an entire hydrological year. Samples were collected in 500ml polyethylene bottles; prior to 
sampling, boreholes were operating for sufficient time (10 min) and bottles were rinsed three times 
with borehole water. Electrical Conductivity (EC) and pH were measured in situ by portable means; 
the collected battles were stored in refrigerators (~4C°) and transported in the laboratory for further 
analysis. Specifically, samples were analyzed for the following parameters (the analytical methods in 
brackets): 


e Na (Flame Photometer) 

e Cl (Volumetrically) 

e B(UV-Vis in 420nm) 

e Ca, Mg (Atomic Adsorption AAS-flame) 

e Sodium Adsorption Ratio - SAR (calculated) 


4. RESULTS 


Based on the measured values for all periods, the pH is slightly alkaline (median=7.7) ranging from 
7.2 to 8.4. In respect to EC, irrigation water is not saline in general; however, few samples appear to 
have values up to 1.28 mS/cm). Calcium (Ca) is the dominant cation (median=52.7 mg/L), with values 
ranging from 1.1 to 142.5 mg/L, followed by Sodium (Na) ad Magnesium with median values of 37.7 
and 24.6 mg/L, respectively. Chlorides (Cl) range from 7.1 to 187 mg/L (median=42.6) and Boron 
(B) from 0 to 3.2 mg/L (median=0.08). Based on these values, the calculation of Sodium Adsorption 
Ration (SAR) as defined by Reeve et al. (1954), gave values that ranged from 0.16 to 238, with a 
median of 0.64 
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Table 1: Basic statistics parameters of irrigation water samples for all periods. Standard 
deviation refers to average values 


Variable Minimum Average Median Maximum StDev 
pH 7.20 75 73 8.40 0.25 
EC (mS/cm) 0.30 0.63 0.64 1.28 0.16 
Na (mg/L) 7.11 24.2 24.60 108.20 16.61 
Ca (mg/L) 1.10 48.4 52.70 142.50 26.64 
Mg (mg/L) 3.50 34.8 37.70 239 26.64 
Cl (mg/L) 7.10 40.2 42.60 187 25.07 
B (mg/L) 0.00 0.08 0.08 3.20 0.44 
SAR 0.16 0.63 0.64 2.38 0.42 
May Aug Nov Jan 
pH EC (mS/cm) Na (mg/L) 
718 #—————@ ® pa 
X 0,70 % % 
77 "w l ie i1 25 F / \ 
k al pe 
a ee ie 24 ar 
7,6 a 060 ici ail E 
Ca (mg/L) : Mg (mg/L) Cl (mg/L) 
6 } 50 we 9 A 
i f 35 iai 45 
a j \ ái \ 
Bei a NO 2 \ 
0,15 B (mg/L) 0,72 SBR: pH EC Na Ca 
a 4 May 78 0,72 23,6 46,3 
È Pi Aug 7,3 0,62 24,6 44,4 
q 0,66 A ri Nov 7,7 0,61 26,60 61,4 
0,10 i g a \ l £ Jan 7,6 0,63 24,9 60,9 
Nee i % f May a es ia ue 
hii a ee, Aug 37,2 41,2 0,07 0,66 
IMS > in Nov 51,5 49,4 0,07 0,56 
May Aug Nov Jan May Aug Nov Jan Jan 16,9 40,5 0,05 0,7 


Figure 2: Temporal variations of the measured parameters in irrigation water 


In respect to the temporal variations of the measured parameters during the 4 sampling periods (fig.2), 
it is evident that the values fluctuate according to the dominant hydrological conditions (wet and dry 
hydrological period), the followed irrigation practices, and secondary hydrogeological/ 
hydrogeochemical process triggered by water recharge/abstraction. 


Specifically, the pH slightly decreases from the dry (May, Aug) to the wet (Nov, Jan) hydrological 
periods, a general trend which is also followed by Boron. Variations of Chlorides and Sodium are 
minor and practically their values are constant or slightly modified during the four sampling periods. 
Similarly, Calcium remains constant during the dry periods and increases during the wet, during 
which it remains practically stable. The same trend is also followed by Magnesium; however, a sharp 
decrease is identified from November to January. The EC values are progressively decreasing from 
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May to November, with a slight increase during January. Finally, the SAR values appear a slight 
increase during the dry hydrological periods as expected, and eventually decrease towards the wet 
period (Nov); nevertheless, a significant increase is observed from Nov to Jan, corresponding to an 
increase of 20% for its value. 


5. DISCUSSION 

Regarding salinity risk assessment for the entire hydrological year, the collected samples may be 
classified into two groups according to Ayers ad Westcot (1985): a) no risk (EC<0.7 mS/cm) and, b) 
low to medium risk (0.7<EC<3 mS/cm). No sample of high risk (EC>3 mS/cm) was identified. The 
first group contains 32 samples (71%), whilst the second one 13 (29%). 


The infiltration of water in soils is chiefly dependent on the overall salinity of the irrigation water, 
expressed by the SAR (fig.3) and EC values. Based on their compilation, the samples may be 
classified in two groups: a) 0<SAR<3 and EC<0.7, corresponding to negligible risk (29% of samples), 
and b) 0<SAR<3 and 0.7<EC<3, corresponding to low-medium risk (71% of samples). The use of 
irrigation waters belonging to group “a” does not hider any risk for plots; whilst, for the second (b) 
group, attention is needed in order to monitor regularly the SAR values or decrease of infiltration 
capacity. 
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Figure 3: Spatial interpolation (DW algorithm) of SAR values in the study area 


Regarding the toxicity of other parameters to crops, there is negligible risk from sodium and chlorides, 
apart from few boreholes (2 and 1, respectively) whose sample impose low to medium risk. In respect 
to Boron, most of its values are low, thus toxicity risk is negligible; however, few values mainly at 
the northwestern part are elevated (up to 2.87 mg/L), denoting a significant impact to crops, especially 
to boron sensitive crops such as the vegetables and vineyards. The elevated values of Boron to 
groundwater are likely to be attributed to geogenic factors related to the hydrothermal activity 
(Tziritis et al., 2016) of the wider area. In respect to pH values, they do not have impact to crops when 
considered individually, but jointly with other parameters. However, none of the samples appear to 
have pH values which may under circumstances cause adverse effects to crops. 


Accumulation of salts in soils is a relatively slow process, triggered mainly by two factors: a) salts 
contained in the irrigation water which are accumulated in the upper soil horizon, and b) by salts 
which are contained in a low-depth phreatic aquifer and are accumulated through hyporheic transport 
or evaporation as the soil horizons. A supplementary factor is also the application of fertilizers, but 
their impact is temporary. Nevertheless, when their use is excessive, fertilizers may cause salinization 
impacts. In order to sufficiently manage irrigation water and minimize salinization risk, a frequent 
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monitoring scheme of critical parameters should be established. In this context, parameters such as 
EC, SAR, ESP and pH should be closely monitored jointly with other critical external conditions 
(such as precipitation), in order to deliver optimal irrigation practices intended to maximize 
environmental protection and yield. 


6. CONCLUSIONS 


Totally 45 samples from irrigation boreholes were analyzed for assessing electrical Conductivity 
(ECw), pH, Sodium Adsorption Ratio (SAR), Na, Ca, Mg, Cl and B. Results revealed that regarding 
ECw, 71% of boreholes appeared to have values below 0.7mS/cm, hence characterized as of 
negligible risk, and 29% of the boreholes had values between 0.78-1.1mS/cm, hence characterized as 
of small to medium risk. The temporal variations of ECw, probably reflect the impact of fertilization; 
hence, elevated values of May are attributed as the direct impact of accumulated solids due to prior 
fertilization practices. 


Regarding crop toxicity, the risk due to sodium (Na) and chlorides (Cl) appears to be low. The 
observed temporal variations are attributed to precipitation events during September, which 
subsequently trigger soil leaching of solutes that slowly (depending on the infiltration conditions) 
reach the uppermost aquifer with a time-lag following a relative dilution, probably in January. 
Additionally, the risk due to boron (B) appears to be significant in a few cases accounting for 
concentrations up to 2.87 mg/L in irrigation water. The temporal variations of boron values should 
be probably attributed to changes in the hydrogeological conditions. Differentiation in recharge rate 
that directly influence groundwater level, seem to chiefly impact boron leaching from the subsurface 
strata. The pH values are within the acceptable range of irrigation waters and the probability of 
irrigation system clogging due to salinization effects appears to be low to negligible. Nevertheless, 
agricultural practices including the management of irrigation water resources should be frequently 
monitored and managed rationally in order to maintain an optimal quality status of water reserves and 
soils, hence contributing significantly to the sustainable agriculture. 
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Abstract 

The lack of adequate hydrological data affects the ability to model, predict and take measures for 
catastrophic events, such as floods and droughts, which have obvious negative impacts on public 
health and socio-economic aspects. The collection of stream flow and stage-gauge measurements that 
are accurate and representative for a watershed is necessary; however, it is difficult to decide for an 
optimum stage-gauge station location. This research work presents a methodological framework 
based on Geographical Information Systems (GIS) techniques and multi-criteria decision-making 
(MCDM) for the optimal design of a Hydrometric Station Network. The implementation was held in 
seven basins in Attica region, namely Sarandapotamos, Giannoula, Eschatia, Erassinos, Rafina, 
Haradros and Rapendossa. These basins face an existing flood hazard, especially in the residential 
areas. In the context of the optimal network design, different criteria, such as morphology, land cover, 
network density, and general guidelines of the World Meteorological Organization (WMO) were 
taken into consideration. The criteria weights were estimated with the use of Analytic Hierarchy 
Process (AHP) and the final results, based on the Weighted Linear Combination (WLC), indicated 
the optimal hydrometric stations locations for each basin. Furthermore, a sensitivity analysis on 
factors weights was performed and presented indicatively for Eschatia basin. 


Keywords: hydrometric station network; river monitoring; floods; GIS; MCDM 
1. INTRODUCTION 


The collection of stream flow data that are accurate and representative of water resources is 
considered necessary, since the lack of adequate hydrological data affects the ability to model, predict 
and plan for catastrophic events such as floods and droughts which have obvious negative impacts on 
public health and socio-economic aspects (Hong et al, 2016). The monitoring of the components of 
the hydrological cycle including rainfall, groundwater characteristics, as well as water quality and 
flow characteristics of surface waters is called Hydrometry (Boiten, 2008). The most widely used 
monitoring tools to measure the river flow are the stream gauge stations. In order to correctly acquire 
these measurements, a hydrometric station networks should be applied. The objective of setting a 
hydrometric station network is to address all concerns in order to provide timely, quantitative and 
comparable information, as well as, to design a comprehensive, comprehensible and effective 
network that provides coverage in all river basins where flow data are required (Hong et al, 2016). 
The extend and number of the hydrometric stations depends on the specific purpose of recording the 
stream flow, such as the hydrological study of a region, the floods prevention and the proper technical 
works design. The need to monitor river flow is also in line with the objectives of the European 
policies, and particularly with the Directive 2007/60/EC (EU, 2007) on the assessment and 
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management of flood risks. The configuration of this directive resulted as a need after devastating 
flooding that struck Europe during the period 1998-2002. Since the hydrological and flood regime in 
Europe varies, because of the high variability of the relief and the climate among different regions, 
severe floods have been observed not only in residential areas but also in rural, cultivated land. 


More specifically in Greece, due to the high spatial variability of hydroclimatic conditions and the 
complex topography, flood events are one of the most frequent natural disasters. Particularly for the 
Attica region, despite the dry climate, extreme rainfalls occurring in small time scales, show a rise 
compared to other regions of the country, leading to an increasing number of flash-flood events. 
Floods in Attica has cost more lives (182 people) during the last century (1887-2011) while the cost 
in human lives due to flooding for the whole country during the same period has been 284 people 
(Karagiorgos et al, 2012). It is a fact that flood risk is exacerbated by the extreme interference of the 
anthropogenic environment into the natural characteristics of a basin, thus often leading to the 
production of insoluble flood-related problems in order to management them (Diakakis, 2012; 2014). 
The lack of stage gauge stations is one of the most decisive factors in the context of an integrated 
system for the river monitoring and the civil protection warning in case of an emergency. 


This study presents a method using Geographical Information Systems (GIS) with the aim of 
designing an optimal Hydrometric Station Network according to a set of proposed geomorphogical, 
technical and spatial criteria. A basic application of optimization in network design is to maximize 
information with respect to minimizing cost (Mishra and Coulibaly, 2009). With respect to this scope, 
the minimum number of station per watershed in combination with the optimal site selection are the 
main objectives of the procedure. The proposed methodology is implemented in seven watersheds of 
Attica. The entire procedure is treated as a multi-criteria decision-making (MCDM) problem with the 
scope of the best position determination, using the pairwise comparisons of the Analytic Hierarchy 
Process (AHP) developed by Saaty (1977) as a way to estimate the factors weights and the Weighted 
Linear Combination (WLC) to estimate the final scores (FS). 


2. STUDY AREA AND DATA USED 


Seven watersheds in Attica region were selected for the implementation of the proposed method, as 
they have an extensive natural hydrographic network, they morphologically diverse and face severe 
flood problems after intense rainfall and most of them are ungauged. There watersheds are depicted 
in Figure 1. Regarding the data used in the present study, seven layers were initially created: 


(i) Digital Elevation Model (DEM) for the Attica region obtained by the National Cadastre 
& Mapping Agency of Greece. The DEM has a pixel size of 5x5m, its geometric accuracy 
RMSE is z < 2,00m and the absolute accuracy < 3,92 m for a 95% confidence level. This 
raster layer has been used for the slope raster, flow accumulation raster and the river 
network extraction, with the aid of the Surface and Hydrology Toolsets of ArcToolbox 
(ESRI, 2010). Additionally, the layer of watershed has been created using this DEM. 
Finally, a layer produced after this procedure is the confluence of stream branches. 

(i1) Historic floods of the region. This layer is a combination of freely available data from the 
Ministry of Environment and Energy and from geocoded data that correspond to the Fire 
Service operations in flooded properties the last 15 years. 

(iii) Land cover map from CORINE Land Cover (2012), for the extraction of the margins of 
settlements. 

(iv) The basemap of National Cadastre & Mapping Agency of Greece (Fig.1) for the 
evaluation of the GIS-based river network extraction. 


112 


Protection and restoration of the environment XIV 


23°20'0"E 23°30'0"E 23°40'0"E 23°50'0"E 


Zz 
i=) 
[=] 
a 

fee] 
i] 


37°55'0"N 
37°55'0"N 


37°50'0"N 
37°50'0"N 


me. 
23°20'0"E 23°30'0"E 23°40'0"E 23°50'0"E 


Figure 1: Study areas in Attica (Basemap ©National Cadastre & Mapping Agency of Greece). 
3. METHODOLOGY 


The aim of this study is the optimal positioning of a Hydrometric Station Network as a proposed 
methodology implemented in seven basins in Attica region. The methodology followed concerns a 
multi-criteria GIS-based decision analysis. Generally, decision problems that include geographic data 
are referred to as geographic or spatial decision problems (Malczewski 1999; 2004). These problems 
often require that a large number of feasible alternatives must be evaluated on the basis of multiple 
criteria. Consequently, many real-world spatial problems can lead to multi-criteria decision-making 
(MCDM) based on the geographic information system (GIS). The problem addressed in this study is 
a spatial decision problem as it includes a large number of geographic data and is also based on GIS 
techniques for its solution. For this purpose, multi-criteria decisions were made, following the 
methodology of the Analytical Hierarchy Process (AHP). In this framework, Multi-Criteria Decision 
Analysis (MCDA) aims to develop standardized procedures that help decision-makers (i.e., station 
network designers) to solve various problems (i.e., site selection) by linking factors (i.e., 
geomorphological, technical, etc.) associated with the problem. MCDA is a process that combines 
and transforms geographic data (inputs) into a resulting decision (output), it defines a relationship 
between "input maps" and "output maps". Geographic information can be defined as georeferenced 
data processed in a form that is meaningful to the recipient. Data in the GIS are usually organized as 
separate thematic maps referred to as ‘layers’. Firstly, the general problems as well as the individual 
objectives are identified, criteria and alternatives are then identified. Criteria may be factors and 
constraints related to the spatial problem. The second step of the analysis is related to the criteria 
values standardization and constraints determination. Then, decision-makers should select the method 
of composing the criteria and determining the relevant weights, in order to produce the final results 
and any alternatives. Finally, the proposed solutions are based on the evaluation of alternative options 
(Drobne and Lisec, 2009). There are many ways in which decision criteria can be combined into 
MCDA. The Weighted Linear Combination (WLC) and its variants require an aggregation of the 
weighted criteria. The Analytical Hierarchy Process (AHP) is used in WLC in the stage of factors’ 
weights estimation. AHP was proposed by Saaty (1977) and is based on the principle that, for making 
a decision, decision maker's experience and knowledge is as important as the available data. This 
technique was first developed with a variety of analytical resources, while the use of GIS techniques 
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was first introduced by Rao et al. (1991). AHP method implementation is divided into the following 
steps: 


(i) Deconstruction of the problem studied in a hierarchical (or network) model, made up of its 
basic components, allowing for pairwise comparisons. 

(i1) Comparative assessment of each component - criterion. 

Gii) | Composition of the evaluated criteria in order to produce the final results. 

(iv) Optimal position determination. 


The application of the method therefore includes two general phases, the structure of the hierarchy 
and the stage of evaluation of the individual criteria. The current application, which is based on the 
idea of pairwise comparisons of different criteria according to the subjective (personal, empirical, 
bibliographic, field research, etc.) view of the researcher, determines the relative significance by 
comparing the criteria per two of them. These pairwise comparisons are based on the fundamental 
comparison scale introduced by Saaty (1977) (Tab. 1). 


Table 1: Scale for pairwise comparison (Data adopted by Saaty, 1977). 
Numerical value Description of importance 


p< 


equal 


equal to moderate 


moderate 


moderate to strong 


strong 


strong to very strong 


very strong 


very strong to extremely strong 


SOI Sl NIANA MY AS N 


extremely strong 


In Saaty's technique, weights come from a series of operations of a matrix of comparable pairs among 
the criteria. The comparisons concern the relative relevance of the two criteria related to the 
determination of suitability for the intended objective. To assess the weight of each criterion, the 
following procedure is followed: 


1. Column values of each matrix of comparable pairs are assumed. 

2. Division of each matrix element with the sum of its column previously found. 

3. Calculation of the average of the data for each matrix sequence that occurred in the previous 

step 

The resulting averages are the weights of the criteria (Drobne and Lisec, 2009). A check follows in 
the consistency of the comparison of the criteria and the severity factors that have emerged. The 
consistency ratio (Eq. 1) should not overcome the value of 10% in order to consider the hierarchy and 
the comparison between the primary factors and to accept the resulting weighting factors. Saaty 
suggests that weights should be reassessed by changing uterine elements if the limit of CR < 0.10 
does not apply. The consistency ratio is calculated as: 


CI 


CR = — 
RI 


(1) 


A further procedure is the standardization of the criteria by categorizing each of them into a single 
grading scale (eg., between 0-1). This step aims to create comparable sizes for each criterion is order 
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to result in a final score (FS) of the same scale. Voogd (1983) reviewed a variety of standardization 
processes, usually using minimum and maximum values as scaling points. The simplest way to 
perform this standardization is by using a linear transformation as shown in Eq.2a when the maximum 
value of the criterion corresponds to the best case and Eq.2b when it corresponds to the worst case. 
_ _(FVi-FVmin) 


b= (FVmax-FV min) oe (2a) 


(FVi-FV min) 


x= 1 = 
; (FVmax-FV min) 


“SR (2b) 
The last step of the method involves creating and calculating the required level of information 
regarding the suitability of the areas for the optimal positioning of a Hydrometric Station Network in 
specific basins. Therefore, the suitability map should be developed. The WLC is incorporated into 
the GIS environment through Raster Calculator (Map Algebra Toolset) and the FS is calculated then 
as follows: 


FS = X wi Xj (3) 


In cases where the Boolean constraints also apply, the process can be modified by multiplying the FS 
value with the product of constraints (ci): 


FS' = ¥ wix Tc; (4) 


The scores are calculated for all alternatives and the appropriate number of sites (i.e., these with the 
highest FS) is all selected. The final number of stations per watershed was defined according to the 
World Meteorological Organization (WMO, 2010) guidelines for the Hydrometric Station Network 
density (Tab. 2). 


Table 2: Density of Hydrometric Station Network (2010). 


Type Density 
Coastal 1 station per 2750km? 
Mountainous 1 station per 1000km? 
Hilly 1 station per 1875km? 
Plains 1 station per 1875km? 
Small islands (area<500km7) 1 station per 1985km? 
Polar, arid 1 station per 20000km? 


For the implementation of the MCDM in the hydrometric station design, different criteria were 
selected. The ideal gauge site satisfies the following criteria, many of which are defined in WMO 
(2010): 


I. The general course of the stream is straight for about 10 times the stream width, upstream and 
downstream from the gauge site. 

Il. The total flow is confined to one channel at all stages and no flow bypasses the site as 
subsurface flow. 

Il. The stream-bed is not subject to scour and fill and is relatively free of aquatic vegetation. 
IV. Banks are permanent, high enough to contain floods, and are free of brush. 

V. Upstream of the station location, a pool is formed in order to ensure a recording of stage at 
extremely low flow, and to avoid high velocities at the stream ward end of stage recorder 
intakes, transducers, or manometer orifice during periods of high flow. The sensitivity of the 
control should be such that any significant change in discharge should result in a measurable 
change in stage. 
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VI. The gauge site should be far enough upstream from the confluence with another stream or 
from tidal effect to avoid any variable influence from another stream or the tide which may 
affect the stage recording. 

VII. The site should be readily accessible for ease in installation and operation of the gauging 


station. 


According to the aforementioned criteria, in the present study the following were taken into account: 


The density of stations according to WMO guidelines, 
Distance from settlements, 

Distance from the flood-prone area, 

Topographic slopes, 

Distance from confluence with another stream. 


Sic 


For the estimation of the criteria’ weights, the QGIS plug-in Easy-AHP tool 
(https://plugins.qgis.org/plugins/EasyAHP/) was used, which includes the Pairwise Comparison and 
Weighted Linear Combination (WLC) analysis. As the tool operates in a GIS environment, it is 
capable for land use, agricultural, disaster management, environmental resources and relevant 
applications. The user-friendly interface makes the analysis easier by dividing operations to different 
steps. According to the relevant significance of design criteria, slopes (C1) is the most important and 
then the criteria of distance from confluence (C2), distance from settlements (C3) and distance from 
flood-prone areas (C3) follow (Tab. 3). Accordingly, other spatial characteristics were considered as 


constraints (ci). Table 4 summarizes the way that the eight factors were involved in the procedure. 


Table 3: Pairwise comparison matrix and AHP results. 


Criteria Weights 
Cl G C3 C4 AHP Indicators i 
Cl 1 3.03 4 7.042 Cl 0.529 
C2 0.33 1 3.03 8.0 A 4.148 C2 0.303 
C3 0.25 0.33 1 CI 0.049 C3 0.112 
C4 0.142 0.125 0.5 1 CR 0.054 C4 0.056 
Table 4: Criteria and GIS-procedure. 
a aandardizatig Constraints Remarks 
n procedure 
1. Surface Slope 2b - Technical Criterion of maximum importance 
. Boolean Map ‘1’ Mosaic with “Euclidean distance” raster 
2. Distance from 2b i ; 
Jae cate (buffer 500m) ; Flow accumulation layer for the upstream- 
‘0? (d<500) downsteam identification 
PE Based on the historic floods Mosaic with 
; Boolean Map ‘1 <è : . » 
3. Distance from . Euclidean distance”raster layer 
2b (buffer 1000m) ; . 
floods TRA Flow accumulation layer for the upstream- 
0’ (d<1000) f ee 
downsteam identification 
4. Distance from Boolean Map ‘1’ Technical Criterion 
confluence from 2a (buffer 250m) ; Point Feauture class of confluence sites 
another stream ‘0? (d<250) Mosaic with “Euclidean distance” raster layer 
It is performed for the final selection of 
7. Elevation Definition of stations. The number of stations per zone is 
; ; : - based on the values of Tab. 3.4 and positions 
(station density) | station number . : 
of maximum score are finally selected for 
each basin. 
Boolean Map ‘1’ 
8. River - (in channel) ; ‘0’ - 
(out of channel) 
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4. RESULTS AND DISCUSSION 


The implementation of the WLC per watershed provides different FS per grid along the mainstream 
of the hydrographic network. Final scores vary significantly, and as a more representative way to 
group the results, Fig. 2 shows the frequency (i.e., the normalised number of cells per basin) of FS in 
five clusters. It should be noted that as the FS increases the number of cells decreases, as expected, 
but some exceptions can also be found. 


e For Sarandapotamos basin, 7.8% of possible locations meet a final score of 90% or more. The 
majority of the optimum proposed locations are seen in the western part. 

e For Erassinos basin, which is the only watershed with low slopes, a high number of locations 
meet the applied criteria. 

e For Eschatia basin, only three locations can be characterized as satisfactory for a stage gauge 
station installation (i.e., FS>90%). These positions marginally meet the proximity constraints. 
Giannoula basin is also a complicated case as the topography of the watershed leads to low or 
moderate values of FS. Only 15 locations are indicated as proper for a stage gauge installation 
according to the methodology followed. 

e Haradros and Rapendossa basins are areas with historic floods and for this reason. For these 
basins, the locations of two and one stations are proposed correspondingly. Erassinos generally 
appears higher scores for longer distance along the mainstream, but, after the MCDM application, 
only about 7% of this reaches a FS at least equal to 90%. The corresponding percentage for 
Rapendossa basin is 3.7%. 

e Rafina basin appears a total of 296 locations with a score equal or lower to 60%. Instead, the 
optimum proposed locations are only 6 with a score higher than 90%. For this basin, an evaluation 
of the existing network was held and this indicated that two in three stations are in positions of 
high score. 
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F 


> 
g 100% 
$ 90% 
3 80% 
z 
& 70% 
E 60% zJ 
en raat 

E 50% ne 
S 40% RAPSI 
= 30% BARS 
wm ay N bee 
S 20% Rar NaS > 
= ie ate aN EA 5 ER 
2 10% ie ae N RA NRA 

0% Mi ARKA ARAA EA NIP B A A S S : 


<50% 50-60% 60-70% 70-90% 
Grouped FS values (%) 


Figure 2: Grouped FS distribution per basin. 


Among the positions that reach a FS>90%, these of highest score are selected as the optimal positions 
(Fig. 3). Concerning the number of stations, which is one in most of the basins, the number derives 
from the WMO guidelines (Tab. 2). Sarandapotamos basin is an exception, as the current design 
considers a number of two stations because of the basin’s extent. Another exception is Haradros basin, 
were the installation of two hydrometric stations is also proposed, due to the frequent flash-flooding 
and the complexity of the basin. Finally, for Vravrona basin, where the archaeological site of 
Vravrona is located at the plain, the proposed location is upstream enough, in order to operate as an 
alarming indicator in case of flood occurrence. It should be noted that the installation strategy for a 
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hydrometric network may differ based on the network design purpose. For instance, when focusing 
on flood warning purposes, as in this study, a hydrometric station should be placed upstream critical 
locations, such as settlement, while for water management purposes a hydrometric station should 
always be installed on or near basin’s exit points to allow for rainfall-runoff studies. 


Station 
Network 


basins 


After the proposed AHP procedure, a once-at-a-time sensitivity analysis was conducted by 
performing an alteration of + 5% on the weights of slope and flood distance criterion. These criteria 
are the one of highest importance and the one of lowest importance, correspondingly. The alteration 
in weights was performed separately and this change is added linearly in the other three criteria each 
time, in order to quantify the criterion influence in the final results. 


Indicatively, Figure 4 depicts two locations in Eschatia basin where the alterations affected 
significantly the FS values. 


opt—5% opt—5% 
W iope W Flood 


opt+5% 
W slope 


Figure 4: Sensitivity analysis results by altering weights for stream slopes criteria (left panel) 
and distance from floodplains (right panel). The case of Eschatia basin. 
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More specifically, in this figure one can compare the middle maps (left panel for the slope criterion 
and right panel for flood distance criterion) with the upper and lower one. The middle named ‘W°?” 
correspond to FS values as resulted according to the proposed WLC, while the upper named ‘W°P?" 
5% (for a decrease of 5% in the criterion weight) and the lower one named ‘W°?*>” (for an increase 
of 5%). In the case where the weight of slopes was reduced by 5%, it is observed that two new proper 
(FS>90%) locations were obtained; an expected result, as the resilience of the slope criterion 
increased. Points of FS higher that 90% are marked with a dark circle. When the weight of slopes 
increased by 5%, then the corresponding number of proposed locations was reduced compared to the 
original ones (middle map) and the FS of the most locations decreases. In the case of a 5% reduction 
in the weight of the flood criterion, the proposed locations meet a lower FS. When the flood weight 
increased by 5%, a new extra optimal location emerged. In the case of the 5% weight increase, new 
proposed locations are appeared as linearly the weight of the other three criteria are decreased. 


5. CONCLUSIONS AND FUTURE RESEARCH 


In this research work, a methodology was developed for the optimal design of hydrometric stations 
network in seven basins of Attica using GIS methods. The methodology was based on multi-criteria 
analysis and particularly on the Analytical Hierarchy Process (AHP), which was implemented for 
four criteria. These criteria concern the distance from settlements, the distance of river junctions along 
the mainstream, the location of historic floods, and the slope along the mainstream. Several 
constraints to the above criteria were implied, such as securing that the positions are located upstream 
of settlements and historically flooded areas as well as being deployed in areas of mild slope and 
away from river junctions. In addition, a sensitivity analysis was performed to evaluate the weight 
factor of each criterion in the final score. Finally using GIS-based methods for the MCDM process, 
the proposed hydrometric station positions for all seven basins were defined. The proposed positions 
have been found to be appropriate for actual station installation. It should be noted however that when 
designing an optimal hydrometric network station, one must choose between flood prevention and 
early warning systems, as in this study, where upstream locations of settlements are ideal, and water 
management purposes, where the exit point of a basins should be sought after for rainfall-runoff 
studies. 


Specific conclusions of this study are summarized as follows: 


e By setting a value of FS at least 90% as a satisfactory value, a large number of proposed 
hydrometric site positions was derived. 


e The basin containing the most satisfactory station locations is the Erassinos basin, with a total of 
644 suggested locations, while this with the less satisfactory station locations is the Eschatia basin, 
with only three satisfactory locations. 


e From the sensitivity analysis performed for the Basin of Eschatia, it was observed that the most 
sensitive criterion is the slope along the mainstream. 


This study added a variety of findings and, in this framework, some suggestions for future research 
are proposed. 


e The use of remote sensing data in similar applications for larger catchment areas is recommended. 
In this case, there is no error of the digitization of the stream or of the DEM-based process for the 
automatic extraction, since the actual position of the stream can be detected by remote sensing 
applications. 


e A more detailed sensitivity analysis may be performed, in order to better evaluate the impact of 
each criterion in the whole process. 
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A different set of rules or new criteria can also be examined, based on the actual hydrometric 
network purpose such as in cases of water resources management and rainfall-runoff studies 
where the basin’s outlet is an ideal location. 
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Abstract 

Sustainability in construction has become even more essential over the past few decades, mainly due 
to natural resources overexploitation, as well as an increasing rate at construction-related emissions 
that contribute to major environmental issues, such as climate change. The rising demands in 
affordable housing and in the utilization of environmentally efficient alternatives, led to the revival 
of traditional building materials in modern construction. Clay and traditional materials in general, are 
considered sustainable materials mainly because of the harvesting method that makes them easy to 
produce. At the same time, these materials are being used in conservation and restoration of historic 
buildings, not only for their compatibility with the existing structure, but also for their economic and 
environmental benefits. For this paper, an effort is conducted to assess the environmental and 
financial benefits of three of the most common traditional building materials used in the production 
of masonry mortars: clay, lime and pozzolan. A cement-based mortar is also assessed, as a reference 
mixture. The environmental assessment is conducted according to the Life Cycle Assessment 
methodology, a comprehensive tool that is used extensively in construction applications. Along with 
the environmental assessment, a cost estimation of the different scenarios presents their financial 
profile and the potential for implementation in the construction industry. The results of the study 
document the sustainability of the traditional materials and clarify, in a quantitative way, the 
importance of the utilization of traditional materials in masonry mortars, leading to benefits for both 
modern construction and conservation and restoration projects. 


Keywords: Sustainability, traditional building materials, masonry mortar, life cycle assessment 
1. INTRODUCTION 


The concept of sustainability, as it was defined by Brundtland in the much renowned report “Our 
common future” [World Commission on Environment and Development, 1987] considers three areas 
of interest: environment, economy and society. These areas don’t exist separately, but they need to 
be regarded as a threefold system. Naturally, same rules apply in the field of constructions 
diachronically: during the design of a construction project, the designer is first interested in the needs 
and requirements of the people that will use the project, the society where the project will be placed 
in. The cost is also an important factor that will determine the feasibility of the construction and use 
of the project. However, these two areas will not result to a sustainable application, if the project 
doesn’t consider the impact that the construction will have to the environment, not only in terms of 
raw materials and fossil fuel consumption during the construction, but also due to emissions and 
wastes throughout its life cycle. This environmental impact is the main subject of this study, along 
with an estimation of costs, in an effort to approach sustainable thinking as much as possible. Due to 
the complexity of the societal assessment, it is kept out of this study’s scope. These for-mentioned 
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values seem to be valid for ancient masons and they were consistent ethic rules that the masons were 
following in their building technology [Papayianni et.al, 2007]. 


The materials that are assessed are utilized here in masonry mortars for traditional and modern 
constructions. Traditional constructions include mainly restoration and renovation works in structures 
of important cultural value. However, the sustainable thinking in constructions has led to the revival 
of traditional building materials in modern structures. Clay, and earthen materials in general, have 
been connected to human societies for centuries, from monumental structures and simple dwellings 
to modern constructions of high performance and eco-efficiency [Pacheco Torgal and Jalali, 2012]. 
The reason for that is the numerous advantages of these materials: lower embodied energy, reduced 
COz2 emissions during production, maximum use of locally sourced materials, provision of good 
sound and thermal insulation, fireproof abilities, healthy living conditions. Under the light of 
sustainability, earthen structures have been reconsidered and efforts are made for them to be restored 
and revitalized with proper materials and techniques. On the other hand, there is a revival of the 
interest on building with earth all over the world (i.e. France, Germany), due to the constructional, 
economic and environmental benefits. 


Moreover, the combination of lime with natural pozzolans rendered mortars of adequate resistance 
and they formed a type of lime-pozzolan concrete. Many monumental structures of those historic 
periods were constructed with this concrete, mentioned by many writers as “Roman cement”. Up to 
19th century this lime-pozzolan concrete was the dominant material [Papayianni, 1994]. Under the 
prism of sustainability, the understanding of the diachronic principles of constructions could 
contribute to maximizing the effectiveness of the contemporary building materials and minimizing 
their cost and environmental footprint. 


2. MATERIALS AND METHODS 


The materials considered for this study are all coming from industries mainly located in Northern 
Greece. Regionality holds an important part in the sustainable design of constructions, not only for 
the reduction of emissions and costs due to shorter distance transportations, or the more accurate 
monitoring of depletion of natural resources [Van den Heede & De Belie, 2012], but also for boosting 
local economies by supporting local businesses. In Table 1, there is an overview of the distances from 
the suppliers to the construction site, which for this study, is set at the Laboratory of Building 
Materials, in Aristotle University of Thessaloniki. 


Table 1. Distances from materials’ suppliers to construction site. 


Material Supplier Distance (km) 
Gemini Cement industry in Northern 12.1 
Greece 
Traditional building 
Clay materials’ supplier in 22.6 


Northern Greece 
Lime industry in Northern 


Lime (hydrated) Crece 17.8 
Traditional building 
Pozzolana materials’ supplier in 22.6 
Northern Greece 
Traditional building 
River Sand materials’ supplier in 22.6 


Northern Greece 


In Table 2, the composition of the studied mixtures is being shown. The mixture design is based in 
common practice as well as the existing experience of the Laboratory of Building Materials in 
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traditional and modern mortars. The workability achieved was according the regulations for structural 
mortars based on EN196-1 [CEN, 2016] and EN1015-3 [CEN, 1999]. The cement mortar is coded as 
CEM, the clay mortar as CLM and the lime-pozzolana mortar as LPM. 


Table 2. Mixtures for masonry mortars. 


Quantity (kg/m?) 
Material 
CEM CLM LPM 
Cement CEM I 32.5N 470.5 - - 
Clay - 398.5 55.1 
Lime, hydrated g - 183.5 
[Ca(OH)2] 
Pozzolana - - 128.5 
River Sand (0-4 mm) 1411.5 996.3 1101 
Water 235.3 239.1 249.6 


Regarding the environmental impact of the mixtures implementation, it is calculated using the Life 
Cycle Assessment (LCA) methodology. The methodology is being used since the late 1960’s, gaining 
constantly momentum in industrial, agricultural and other applications, where the environmental 
burden of the production of goods and services is under study. In late 1990’s and early 2000’s the 
International Organization for Standardization published the standards 14040 [ISO, 2006a] - 14044 
[ISO, 2006b], where the LCA methodology is described and conducted by four main steps: goal and 
scope definition, inventory analysis, impact assessment and finally interpretation of the results. 


For the goal and scope definition, the aim of the study must be clearly stated. This is also the stage 
where the boundaries, spatial and temporal, need to be set, along with all the assumptions being made 
for the assessment, including the functional unit. The step of inventory analysis includes the detailed 
recording of all the inputs (e.g. materials, energy, transportation, labor, land occupation etc.) and 
outputs (products, by-products, emissions to air and/or wastes to water and soil) that participate in 
the production phase of the studied product. The impact assessment step is the heart of the LCA. It 
is the stage where all the recorded inputs and outputs are related to certain categories of environmental 
impact categories, such as climate change, eutrophication, acidification, natural resources’ depletion 
etc. The correlation is accomplished by multiplying the inventory analysis results with factors 
(characterization factors) according to each one’s contribution to the environmental issue that is under 
study. The interpretation of the results is the stage where the assessment is evaluated in terms of 
fulfilling its goal, and the discussion of the outcome sets the frame for further study. This step is not 
strictly placed at the end of the assessment, since it can play a monitoring part throughout the whole 
assessment, evaluating each of the other steps. 


3. LIFE CYCLE ASSESSMENT AND COST ESTIMATION 


The calculations and the results of the environmental assessment are presented below, following the 
four steps of the LCA methodology: 


3.1 Goal and scope definition 

The goal of this assessment is to measure and compare the environmental impact of the production 
and implementation of three different masonry mortars. The first mortar, which is the reference 
mixture, is a cement mortar, and is used in modern structures. The second mortar has clay as a binder 
and is used in modern structures as well as in restoration works. The third mortar is a combination of 
lime, pozzolana and clay and is used mainly in restoration works and traditional construction. As the 
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study is about masonry mortars, the functional unit, instead of being a unit regarding volume of mortar 
mixture (e.g. 1 m? of mortar), is set as 1 m° of constructed masonry, which, in the writers’ opinion is 
easier to comprehend by a wider audience. For the construction of the 1 m° of brick wall, 80 solid 
bricks are being used, with dimensions of 20x10x5 cm (width, depth, height), and the mortar is to be 
applied in joints of 1 cm thick. Regarding the boundaries of the assessment, they are characterized as 
“cradle to gate”, which means that the LCA includes the stages of raw material extraction, processing, 
building materials production, mortar mixing and construction of 1 m? of masonry. The stages of use 
of the construction and its final disposal or recycling after its lifetime has ended, are not considered, 
because they require data that go beyond the frame of this study. 


3.2 Inventory analysis 

As it is mentioned in a previous section, the materials (inputs) that are considered for this study are 
all coming from industries located in the Northern Greece area. The same thing applies also for energy 
consumption, meaning that, for instance, the electricity mix (sum of electricity that comes from 
various sources, such as lignite combustion, renewable sources, etc) that was considered is that of the 
Greek Electricity Industry. To be consistent with that choice, all the emissions and wastes (outputs) 
had to come from Greek industries as well. However, this proved to be very difficult, because Greek 
industries either don’t have detailed measurements, or if they do, they are not always eager to share 
such sensitive data. After repeated communication with some of the largest industries of Greece, and 
the use of literature referring to Greek reality, this obstacle was surpassed. For the few cases, where 
data was impossible to acquire, the Ecoinvent [Frischknecht et.al., 2005] database was used, which 
is amuch renowned tool for LCA. 


More specifically, the emissions for the cement production are a combination of data acquired by 
Greek cement industries and from the Ecoinvent database, mainly for procedures regarding fuel 
combustion. For clay, the data regarding materials and energy consumption along with emissions and 
wastes refer to Greek industries, as they were recorded and presented by [Koroneos & Dompros, 
2007]. For the hydrated lime, data where acquired from an industry near the city of Thessaloniki, 
Greece, with the addition of data regarding energy consumption taken from literature [Moropoulou 
et.al., 2006], that refer also to Greek industries. The emissions from the extraction of pozzolana and 
aggregates (sand) are taken from Greek industries. Regarding the bricks, the Ecoinvent database has 
been used, because a) the emission data are similar to [Koroneos & Dompros, 2007] and b) the bricks 
are the same for all three scenarios, both in quantity and quality, so they don’t really contribute to the 
variation of the results. 

The cost estimation is conducted alongside the environmental assessment, using data from the Greek 
market, as it was recorded in the second half of 2016, and the first half of 2017. 


3.3 Impact assessment 

The input and output data that were collected for the inventory analysis step, will now be related to 
environmental impact categories. The main category that has been chosen for this study is the 
contribution of the walls’ construction to climate change, through their Global Warming Potential 
(GWP). Each recorded emission that contributes to the impact category is assigned with a 
Characterization factor, which expresses the magnitude of the contribution compared to the 
contribution of CO2. This way, all emissions are expressed in the same unit (kg of equivalent CO2 per 
m° of constructed wall - kg CO2 eq/m°) and can by summarized into one single result. For this study, 
the assessment is based on the Characterization factors that are proposed by the Intergovernmental 
Panel on Climate Change (IPCC) [IPCC, 2013], for a 100-year time frame. The results can be seen 
in Table 3, where they are sorted in three categories: materials, which includes all processes up to the 
production of bricks and the materials used on site to produce the mortar mixture, transportation, 
which refers to the transportation of the bricks and mortars’ materials to construction site and energy 
which refers to the energy consumed (electricity) for mixing the mortar on site. 
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Table 3. Global Warming Potential of the studied scenarios 


CEM CLM LPM 
Unit kg CO2 kg CO2 kg CO2 
eq/m? eq/m? eq/m? 
Materials 47.7 38.8 42.1 
Transportation 1.1 1.1 1.1 
Energy 0.1 0.1 0.1 
Total 48.9 40.0 43.3 


Despite GWP, the assessed constructions have a contribution to other environmental impact 
categories, as well. Some of them (abiotic depletion, acidification, eutrophication and ozone layer 
depletion) are presented in Figure 1. The abiotic depletion impact category refers to the depletion of 
natural resources due to extraction of minerals and fossil fuels, and it is expressed in kg of equivalent 
Antimony (Sb) per m? of wall. Acidification refers to the impact of acidifying substances to 
ecosystems as well as constructions, and it is expressed in kg equivalent SO2 per m? wall. 
Eutrophication includes the environmental impacts caused by the emission of macro-nutrients in 
excessive levels, into air, water and soil. It is expressed in kg equivalent PO. per m? wall. The last 
category includes the impacts of increased UV-B radiation, due to ozone layer depletion, that affects 
the health of ecosystems. The same rules as GWP apply in the assessment of all these impact 
categories, with the Characterization factors following the CML impact assessment method [Guinee, 
2002]. For the calculations, the LCA software SimaPro [Goedkoop et.al., 2004] was also 
implemented. 


Abiotic depletion Acidification 
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Figure 1. Four impact categories for the construction of 1 m? of brick wall, for the three 
studied mortars. 
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For the cost estimation, results are shown in Table 4. For each scenario, the cost has been analyzed 
into three categories: “materials”, which includes the costs for the purchase of the bricks and the 
mortars’ constituents, “transportation”, which includes the costs for the transportation of the bricks 
and the mortars’ constituents at the construction site, and “construction”, which includes the energy 
costs for preparing the mortars along with the personnel costs for the construction of the 1 m° wall. 


Table 4. Cost estimation of the studied scenarios 


CEM CLM LPM 

Unit €/m? €/m? €/m? 
Materials 9 8,21 8,26 
Transportation 0,36 0,35 0,35 
Construction 4,01 4,01 4,01 

Total 13,37 12,57 12,62 


3.4 Interpretation of the results 

The Life Cycle Assessment of the three different scenarios gives an interesting scope for the 
environmental evaluation of the utilized building materials. Regarding the Global Warming Potential 
impact category, the construction with cement mortar gives the highest environmental burden, 
something that was expected considering the intensiveness of emission production during cement 
manufacturing. The construction with clay mortar has the lowest burden, with lime-pozzolana mortar 
being somewhere in the middle of the three. This is also expected, because other than some energy 
consumption for drying and mixing/sorting, clay requires minimum industrial processing to be ready 
to use. Whatever the distribution of total burden may be, between the three scenarios, the common 
feature among them is that the materials’ production is dominating over the other stages. 


The same conclusions apply also for the assessment of the other three environmental impact 
categories (abiotic depletion, eutrophication, ozone layer depletion). The clay-mortar construction 
shows the lowest contribution to these environmental issues, with lime-pozzolana following and the 
reference cement mortar construction giving the higher environmental burden. However, the 
construction that utilizes the lime-pozzolana mortar contributes most in acidification, mainly due to 
higher SO2 emissions during lime production. 


Clay shows also a slight advantage over lime-pozzolana when considering costs. Of course, the 
differences between the three scenarios are minimum for such a small scale (1 m? of constructed 
wall), but the trend can be identified more clearly over larger constructions, where the choice for the 
most efficient solution will be of great importance. As in LCA, the importance of materials in the 
overall cost is also very distinct here. 


4. DISCUSSION AND CONCLUSIONS 


Sustainability in constructions is a diachronic principle which ancient masons followed unremittingly. 
Nowadays, cement prevails in construction technology and it seems to be an energy and emissions 
intensive material. This paper proves in a quantitative way the relation between traditional binders 
and cement in terms of environmental impact and cost. Clay shows the best performance both in 
environmental and economical assessment. Comparing to the reference mortar (cement) it improves 
the environmental profile of the studied construction by a rate of 18%, regarding the contribution of 
the process to climate change, and it is by 6% more cost efficient. In the other environmental impact 
categories, clay mortar shows a better performance as well, in various rates. The lime-pozzolana 
mortar is also more environmental and economical efficient than the reference mortar (11% and 5.6% 
respectively), while in the other environmental impact categories it shows variances, with the 
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category of acidification being the one where the lime-pozzolana mortar contributes the most of the 
three scenarios. 


For this paper the boundaries of the assessment have been characterized as ‘cradle to gate’ and the 
considered phases are extraction of the raw materials, production of building materials and 
construction. However, it would be useful to consider the whole life of the project, meaning the stages 
of use and final disposal or recycling, in the framework of future research, where data of durability 
properties will be utilized. Overall cost is also very distinct here. Moreover, there is an evident need 
for the composition of national, or even regional environmental databases for the stage of Inventory 
Analysis, to have more comprehensive results. Academic and industrial research should work for this 
purpose, within, of course, a national regulative frame. 
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Abstract 

The Crapolla Fiord, near to the Amalfi Coast, thanks to its special landscape, can be classified as an 
example of a Mediterranean landscape, with exceptional cultural and natural scenic values, resulting 
from its outstanding nature and historical evolution. The area hosts the archaeological site of the San 
Pietro Abbey, built before the 12” century, and the so-called “monazeni”, vernacular constructions 
used by local fishermen for boat sheltering. At present, the site has been just interested by a deep 
research experience leaded by the Department of Architecture (DiARC) of the University Federico 
Il. The study, committed by the local Municipality of Massa Lubrense involved a range of specialized 
knowhow represented by four different departments of the University of Naples Federico II, including 
an important archaeological survey campaign. As part of the study, the analysis of the surface-water 
hydrology has carried out at local scale, by the aim of assessing hazard potential for the site 
conservation. The current land cover is bare soil on a specific rocky substratum, although traces of 
terraces dating from the time of the Abbey activity are still recognizable. Taking into account the site 
exposure (South), its land use, as well as the scenario of further climate change - consistent with the 
A1B like scenario (IPCC, 2014) - the increase of site vulnerability is expected. Starting by these 
assumptions, the study evaluates the hydrology hazard potential in estimating the variations in flow 
rates at secondary auctions, comparing current Land Cover and the one at the time of Abbey activity,. 
Due to both the reduced infiltration capacity and the local climate specific, the increase of hazard 
potential is expected, as well as the rise of the site vulnerability, and the intensification of the values 
exposed in terms of losses potential (the immaterial value of the cultural asset) and hence the increase 
in overall site risk. The study quantifies the hazard potential and demonstrates that the introduction 
of small interventions aimed at regenerating vegetation and/ or at increasing infiltration capacity, 
would be justified and sustainable. 


Keywords: Risk assessment, Cultural heritage, Climate change impact 
1. INTRODUCTION 


World Cultural Heritage has been object of dedicated policies of conservation since 1972, when the 
UNESCO underlined the importance to preserve it and forward it to future generations, enhancing 
the ethical involvement of each State and each citizen [World Heritage Convention (WHC), Paris, 16 
November 1972]. Therefore, the most important, and largely widespread, factors treating cultural and 
environmental heritage have been investigated by scientists, in order to identify which initiatives have 
to be undertaken to safeguard those vestiges. To meet that purpose, the key factors to be shifted 
through are the climate change risk, and, in particular the water cycle [Cassar, 2005; Sabbioni et al., 
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2008; 2009]. Indeed, the water cycle rules all the aspects related to the climate changes, such as flood 
and drought, rainfall extreme events and heat waves, which strongly affect the human settlement and 
tourism. Moreover, as shown by a research conducted by the Centre for Sustainability Heritage, 
University College London, in cooperation with the Institute of the climate and atmosphere sciences 
of the National Research Centre (CNR), “Southern Europe appears to be more vulnerable, although 
the North Sea coast has a high exposure to flooding” [Sabbioni et al., 2009]. Consequently, climate 
changes will have a great influence on Italian territory and, in particular, on Campania Region 
(Southern Italy), characterized by a mild climate. Rainfall events drastically increase the run-off, 
eroding the mountainside, from top to bottom [Campania Region, 2014]. The lack of vegetation, 
caused by the several forest fires, occurred in the summer period, exacerbates the erosion process 
[Campania Region, 2014]. Nevertheless, the Amalfi coast area is not extraneous at extreme rainfall 
events, like that one occurred on 25th of October 1954, when 500 mm of rain fall occurred in 4 hours 
causing life losses (318 people dead) and huge damages to the built environment [Caneva et al., 2007]. 


The detecting of some proper actions for conserving the huge cultural heritage and the great beauty 
of Campania Region landscape, should be a priority for the Italian Government and the citizens. 
Therefore, a correct management plan should be provided for considering the natural hazard potential 
Natural hazard is here intended according to the United Nations definition (2004) as the probability 
that a harmful occurrence happens. The vulnerability concept is closely linked to the natural hazard 
notion, since it is related to its consequences, pondered in terms of damages and loses (Fuchs et al., 
2007). A synthetic definition of vulnerability was given in the glossary of IPPC 2014: “The propensity 
or predisposition to be adversely affected. Vulnerability encompasses a variety of concepts and 
elements including sensitivity or susceptibility to harm and lack of capacity to cope and adapt”. 
Wilson et al., (2005) specify the main components of vulnerability. Wilson et al., (2005) described 
the vulnerability as the combination of three elements: exposure, defined as the probability that a 
damaging event occurred in a specific time, the impact, pinpointed as the consequences of a specific 
harmful process on some peculiar features, and the intensity, indicated as the magnitude, the duration 
and the frequency of a particular element. Hence, the need to forecast the risk potential starts in order 
to properly evaluate hazard potential and its consequences. Further, natural hazard assessment is 
largely influenced by the scale adopted for the analysis of the slope morphology and surface. So that 
the scale of the study should be always adapted to the object under investigation [Capolupo et al., 
2015b]. 


The essential baseline for the morphological analysis is the Digital Elevation Model (DEM), as shown 
by Florinsky, (1998). Therefore, the DEM resolution is an essential factor to be considered to improve 
the hazard analysis: the highest the resolution is, the most accurate the natural hazard assessment is. 
Several techniques have been introduced to generate more and more precise DEM over the years, 
such photogrammetry or Laser Image Detection And Ranging (LIDAR). 


The current paper aims at evaluating the potential natural hazard that could occur in the area of the 
Fiord of Crapolla located in the Amalfi Coast, Campania Region). This area is worldwide famous for 
its outstanding landscape and for the presence of historic and cultural goods, potentially subjected to 
such as extreme rainfall events and land abandonment. Hence, an empirical analysis of the 
vulnerability has also been introduced. 


2. MATERIAL AND METHOD 


2.1 Study area 

The study has done in the Fiord of Crapolla, an inlet of Sorrento Peninsula. Sorrento Coast is a 
promontory, interposes between the Gulf of Naples and the Gulf of Salerno, in Campania Region 
(Southern Italy) (Figure 1). The Peninsula of Sorrento covers an area of 121,14 km? and it includes 
nine municipalities. Although differences in terms of vegetation between the bottom part, 
characterized by the typical Mediterranean greenwood and scrublands, and the upper part, typified 
by the temperate forest [Caneva and Cancellieri, 2007; Pindozzi et al., 2016] have found out. The two 


132 


Protection and restoration of the environment XIV 


sides of promontory have many characteristics in common, such as the presence of terraced 
landscapes, featuring the local agricultural economy. Although, the area is distinguished by the 
Mediterranean mild climate, the rainfall events are quite plentiful with not so rare catastrophic 
showers, as that one above mentioned occurred on 25" of October 1954. 


a b 
Figure 1: Area under investigation location: 1a) Campania Region location in Italy; 1b) 
Location of Crapolla Fiord in Campania Region 


The Fiord of Crapolla is inhabited since the Roman period, as testified by the archaeological ruins of 
storage rooms and of other proofs found out on its territory. Its reputation has not been slackened off 
over the years, indeed, an Abbey, which belonged to the Benedectine Order, was built before 12" 
century [Russo, 2014]. Unfortunately, the Abbey have been continuously pillaged and destroyed and 
therefore, just few ruins have been survived (Figure 2). Moreover, that area have been intensely 
inhabited over the last past years, as testified by the presence of some terraced landscapes, which 
shape the slope from the top till the bottom [Caneva and Cancellieri, 2007]. Those terraces are 
subjected to a quick downfall because of the abandonment of agricultural practise on their steps, due 
to the difficulty of accessing and their inadequate competitiveness in terms of production efficiency 
[Capolupo et al., under review; Capolupo et al., 2017; Capolupo et al., 2018b; Capolupo et al., 2018c]. 
Therefore, the terraces are already weakly recognized on the slope morphology (Figure 2). 


y S 
tudy area 


RRT, 


2.2 Data Sources 

In order to meet the purpose of the research, the dataset refers to two data sources: the rainfall 
information, provided by Italian National Hydrographic Service in the “Hydrological Annals”, and 
the landform mapping, provided by the Digital Surface Model (DSM) and Digital Terrain Model 
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(DTM), both commissioned by the Department of Territorial Information System (SIT) of the “Citta 
Metropolitana di Napoli”. 


The “Hydrological Annals” reports the hourly rainfall data for each year from 1928 until the end of 
1990s. Those events are classified in five categories according to the duration of 1, 3, 6, 12 and 24 
hours. The weather stations (Figure 3) useful for the investigations have been selected considering 
two criteria: the distance between the weather stations and the study area and amount of available 
data. As first, the stations located less than 20 Km and included in the areas territorial compatible 
with the site under investigation (Figure 4) have been picked. Subsequently, they have been chosen 
according to the continuity of the series of data. The weather stations used in the consecutive steps 
are reported in Table 1. 
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Figure 3: Weather stations close to the study area, identified in the picture with a green circle 


Figure 4 : Wheatear homogeneous areas 


The DSM and DTM was obtained by a LIDAR survey in 2009 — 2012. Their resolution was equal to 
1 m? and the altitudinal range accuracy was of 0.15 m. They have been scanned using 4 points/m?. 
Since their raster cells could show some small imperfections, commonly called “pits”, which can 


134 


Protection and restoration of the environment XIV 


create discontinuities in the hydro-graphic scenes, both DTM and DSM have been pre-processed with 
the ArcGIS’ hydrology tool (version 10.1) for filling the holes [Infascelli et al., 2013]. 


Table 1: The wheatear stations useful for the analysis 


Weather station Quota Distance from Period of available Number of 
the study data useful data 
area (km) 

Piano di Sorrento San 309 5 1957-1996 28 
Pietro 

Piano di Sorrento Ist. 122 5.5 1950-1998 28 
Nautico 

Massa Lubrense Fraz 250 4 1977-1999 19 
Turro 

Positano 195 10 1928-1943 11 
Agerola San Lazzaro 683 16 1928-1966 19 
Ravello 315 21 1928-1995 30 
Maiori 60 23 1928-1985 34 
Cava de Tirreni — Badia 367 23 1955-1984 23 
Cava de Tirreni — Ente 199 21 1956-1996 21 
Turismo 


2.3 Rainfall event identification 

The rainfall event has been determined using the Gumbel theory, that is considered the most largely 
widespread procedure for meteorological purposes [Nadarajah & Kotz, 2004]. Actually, this approach 
is not able to describe the meteorological catastrophic events, like that one occurred in 1954. 
However, it defines the meteorological probability curves for a specific return period for each class 
of rainfall data of each selected weather station. It was applied in the current research because the 
rainfall events considered have relatively short return period (T). 


Therefore, the average (u) and the Deviation Standard (DS) have been computed for each class of 
information of each weather station. This step was essential since it allows to calculate the parameters 
needed to describe the Gumbel probability distribution (a and u). The equation of the two parameters 
are described in Equations 1 and 2, respectively: 


T 


DSxV6 0) 
u = u — 0.45 x DS (2) 


Therefore, the rainfall intensity (h) has been computed for each data class of each weather station 
using Equation 3. Subsequently, the results of each station have been averaged. 


hy(T = 100) = uy — —xIn[-In(1 - 5] (3) 
Qij 


where i is referred to the weather station considered and j to the data class considered. 
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Considering the limited extension of the mountainside (about 1500 m) and the difference in altitude 
(about 500 m), a return period less than 1 hour was preferred for the current analysis. Therefore, it 
was realistic to focus the attention on a return period equal to 0.5 hour. Consequently, the rain 
intensity on T = 30 minutes was estimated using the formula of Bell (Equation 4) [Bell, 1969] and 
not spatializing the rainfall events extracted from the weather stations. 


h30’(T=100)= h1h(T=100)*(0,54*300,25-0,50) (4) 


2.4 Potential hazard assessment 

Combining the identification of vegetated areas and the slope analysis allows to identify the flow 
directions and, consequently, the water accumulated in two different points: the former corresponding 
to the Fiord of Crapolla and the latter, related to the Abbey of Saint Peter at Crapolla. The vegetated 
areas have been detected by subtracting the DSM and DTM, while the surface flow direction have 
been carried out using the eight-direction flow model (D8), implemented in ArcGis (vers. 10.1), since 
Wolock et al., (1995) and Beaujouan et al., (2001) showed that this approach was suitable for shaping 
the micro-rill network at field scale. This procedure has been described more in details in Capolupo 
et al., [2014; 2015a; 2018a]. An outlet has been located on the rill corresponding to the Fiord of 
Crapolla and another on the micro-rill in the vicinity of the Abbey. Therefore, two basins have been 
identified. 


Thus, the flow rate has been calculated for both conditions by applying Equation 5: 


Q=AxIxC (5) 


where A is the basin area, I is the rain intensity and C is the coefficient of run-off, which was defined 
considering the texture and the type of soil. The most vegetated and cultivated areas were 
characterized by a sandy loam soil, while the zone close to the Abbey is mainly rocky. Therefore, 
according to the indication of the American Society of Civil Engineers, C was assumed equal to 0.8 
for T = 100 and 0.5 for T = 1 for the rocky zone and, equal to 0.2 (T=100) and 0.15 (T=1) for the 
sandy loam soil. 


3. RESULTS 


3.1 Rainfall event 

The rain intensity, considering a return period equal to 100 years (T=100), related to all the weather 
stations suitable for the research, is reported in Table 2. The weather station of Massa Lubrense has 
been the closest one to the site under investigation. It shows a very high value of rainfall, comparing 
to the other stations. Indeed, for the examined cases (1h, 3h, 6h, 12h and 24h) the rainfall intensity is 
equal to 130 mm, 139 mm, 142 mm, 151 mm and 158 mm, respectively; on the contrary, the station 
of Ravello has a value equal to 54 mm, 81 mm, 124 mm, 153 mm and 180 mm, respectively; the 
rainfall intensity is equal to 76 mm, 104 mm, 125 mm, 140 mm and 156 mm, respectively; the station 
of Piano Sorrento (S. Pietro) is equal to 69 mm, 83 mm, 96 mm, 129 mm and 151 mm, respectively. 
That situation depends on the discontinuity of the available data and on the presence of an exceptional 
event occurred in 1992, that has a great influence on the final result. Therefore, that information is 
not reliable and it was preferred to assume that the rain intensity varies between 70 and 130 mm in 1 
hour, considering a return period equal to 100 years. 
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Table 2 : Rain Intensity considering (T=100) 


Weather stations Rainfall intensity Rainfall Rainfall Rainfall Rainfall 
(h) in 1h (T=100) intensity (h) in intensity (h)in intensity (h) intensity 
(mm) 3 h (T=100) 6h (T=100) in 12h (h) in 24h 
(mm) (mm) (T=100) (T=100) 
(mm) (mm) 
Ravello 54 81 124 153 180 
Piano Sorrento 76 104 125 140 156 
(Istituto Nautico) 
Piano Sorrento (S. 69 83 96 129 151 
Pietro) 
Massa Lubrense 130 139 142 151 158 


Because of that variability of data, the rain intensity in 30 minutes was obtained using the Bell’ s 
equation. The results, for each weather station, are shown in Table 3. Therefore, the intensity of rain 
is equal to 60 and 23 mm in 30 minutes, respectively taking into consideration a return period of 100 
and 1 year. 


Table 3 : Rain Intensity in 30 minutes ( T=100) 


Weather stations Rain intensity (h) in 30’ (T=100) (mm) 
Ravello 41 
Piano Sorrento (Istituto Nautico) 58 
Piano Sorrento (S. Pietro) 52 
Massa Lubrense 99 


3.2 Potential hazard assessment 

Figure 5 shows the vegetation distribution overall the study area, obtained from the subtraction of 
DSM from DTM. The vegetation is rare around the archaeological ruins of the Abbey, while it is a 
little bit more prominent along the steep mountainside. That situation is also visible in Figure 2, where 
the site under investigation is depicted. That information is essential because it affects the flow 
directions and, consequently, the flow accumulation in some specific zones. 


Figure 5: Vegetated zone in Crapolla Fiord. The green square symbolizes the Abbey 


Thus, combining it with the information related to the slope aspect, the identification of the basins is 
carried out (Figure 6). Figure 5a shows the micro-basins in a close proximity of the Abbey, while 
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Figure 5b portrays the basin in the vicinity of the Fiord. The maximum flow rate is equal to 0.04 and 
8.3 m/s for the micro-basins (Figure 6a) and the basin (Figure 6b) respectively, taking into account 
a rainfall event of 60 mm in 30 minutes (T=100); on the contrary, considering a rainfall event of 23 
mm in 30 minutes (T=1), the flow rate is equal to 0.02 and 2.4 m°/s, respectively. 


a b 
Figure 6: Micro - basins identified in the study area at slope (7a) and Fiord (7b) scale 


4. DISCUSSION AND CONCLUSION 


The current research activity intends to assess the potential hazard and to consider the vulnerability 
in an archaeological site of invaluable price in terms of cultural heritage and landscape. It is 
characterized by the presence of the archaeological ruins of an ancient Abbey on the mountainside 
and on some characteristics, called “monazeni” fishing houses in the inlet (Figure 2) [Russo, 2014]. 
Moreover, the steep mountain shows barely visible signs of old terraces, currently abandoned (Figure 
2) [Russo, 2014]. 


The analysis has been carried out at two different levels: at basin scale, to evaluate the potential hazard 
to which is subjected the Fiord, and at mountainside scale, to analyse the damages suffered by the 
Abbey. The starting stages of the procedure were the same for both levels. They concern the 
identification of the rainfall events and, consequently, the flow rate, weighing on the Abbey and on 
the Fiord, respectively. The rain intensity was computed for each weather station separately. As 
mentioned above, the meteorological station of Massa Lubrense, the closest to the study area, shows 
an anomalous value of rainfall in 1 hour (130 mm), because of the presence of an extreme rainfall 
events (1992). Therefore, the rain event in 30 minutes was calculated using the Bell’s equation and 
not spatializing the meteorological data (Table 3). The rain intensity, on a period of 30 minutes, was 
of 60 and 23 mm, considering a return time of 100 and 1 year, respectively. Those results and the size 
of the basins, identified at the two considered levels, were set up in eq. 5 and the flow rate was 
evaluated (Figure 6). Figure 6a describes the situation at slope aspect scale, while the Figure 6b 
depicts the flow rate which damage the Fiord in case of the occurrence of the determined rain event. 
As expected, the two flow rates are completely different, since the final result is strongly affected by 
the coefficient of run-off and the basin size: the bigger the basin area is, the higher the flow rate is, 
and consequently, the potential hazard. Hence, the potential hazard related to the archaeological ruins 
is smaller than that one of the Fiord. Nevertheless, both flow rates show a value suitable for damaging 
the Abbey and completely destroying the inlet and the fishing houses located in that zone (Figure 2). 
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Not only the potential hazard but also the vulnerability assumes a different significance at the two 
levels, since affected by the exposed value [Wilson et al., 2005]. The vulnerability includes the value 
of “intangible assets”, as the historical landmark and the archaeological ruins, the infrastructures for 
improving the accessibility, like, for instance, paths and stairways, and, finally, the human lives that 
could be damaged. Even if the vulnerability assumes a different value at the two levels, it is pretty 
high in both cases and consequently, some actions are required to mitigate the potential hazard. 
Fragmenting the flow directions to minimize the flow rates looks a possible solution for reducing the 
potential hazard. Clearly, the initiatives suggested for meeting the purpose are essentially different at 
the two analysed scales. At Abbey scale, the actions should be focused on building a gutter at the 
sides of the ladder, since it is the main direction that guide the flow on the archaeological ruins. On 
the contrary, at mountainside level, it is necessary to preserve the vegetated and cultivated areas in 
order to not change the permeability of the soil, which influence the coefficient of run-off. Indeed, a 
change of soil from sandy loam to rocky will increase the run-off coefficient from 0.2 to 0.8 and 
consequently, the flow rate will rise till 33 m/s for T=100 and to 8 m°/s for T=1. Hence, the idea of 
recovering the old terraced landscapes, currently barely visible on the ground, was born. Indeed, that 
action is twofold: the potential hazard is minimized, as first, and the original landscape heritage in 
the inlet is safeguarded, secondly. 
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Abstract 

Since Neolithic, terraced landscapes have been an essential element for moulding mountain or steep 
slope into habitable arable areas. Over the last decades, they have been subjected to a quick 
abandonment because of their inadequate economic competitiveness causing a gap in their 
maintenance and, consequently, incrementing the hydrogeological instability of those areas. Minori 
is a small municipality (256 ha), protected by UNESCO, located in Amalfi Coast. That area is well 
known not only for the beauty of its territory but also for some catastrophic raining events, like in 
1954 when a rain shower of 500 mm topped up to 24 hours. The current research work intends to 
analyse the landscape changes in Minori over sixty year period (1956 - 2017) for assessing the new 
values taken on the land use and the agricultural sites. A detailed orthophoto and a high resolution 
Digital Elevation Model (DEM) of the study area have been reconstructed using the historical 
photogrammetric photos of 1954, acquired by the Italian Military Geographic Institute (IGM), and 
the aerial photogrammetric pictures of 2017, obtained by an own flight. DEM and orthophoto have 
been reconstructed applying Agisoft Photoscan Professional. The resolution of the generated DEM is 
equal to 0.48 and 0.1 m for 1956 and 2017, respectively. The orthophoto resolution is of 0.24 and 
0.07 for 1956 and 2017, respectively. Comparing the generated products of the two periods, it is 
pointed out that terraces extension has not been amended, while the amount of human constructions 
have increased of about 800%. To give a first idea of the most vulnerable areas to be investigated 
more in depth through simulation procedures, a first proposal of an expeditious index of vulnerability 
(EVD has been introduced and tested. It is based on the ratio between the amount of surface occupied 
by buildings and the amount of areas subjected to a debris flow event. The increase of the 
vulnerability, exposure values and probability of accident occurring involve a risk rise. 


Keywords: Agricultural terraces, Risk assessment, Aerial photogrammetry, Historical series 
1. INTRODUCTION 


Terraced landscapes are largely widespread in all Mediterranean area since Neolithic time. They have 
been built to exploit the great fertility of the slope of the mountain, making them arable and habitable. 
Indeed, that geomorphological element is recognized as the most significant human activity that 
affected and transformed the Earth Surface. Unfortunately, over the last few years, they have been 
quickly abandoned because of their scarce competitiveness in term of agriculture production [Tarolli 
et al., 2014]. This caused a lack of maintenance of their retaining walls and, consequently, the boost 
of hydrological instability, soil erosion, loss of agricultural lands and debris flow. Therefore, editing 
a proper management plan to preserve the terraced landscapes looks essential and priority in all the 
world, according also to the European Common Agricultural Policy (CAP). The situation becomes 
more complex when the considered area is included in the UNESCO World Heritage List, like Amalfi 
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Coast (year 1997 n. 830). Since 1972, UNESCO have pushed their members to preserve and conserve 
all the sites, involved in the World Heritage List, for present and future generation [“World Natural 
and Cultural Heritage”, Paris, 16 November 1972]. Nevertheless, UNESCO does not provide any 
models or indications regarding the management plans to be developed [Gullino et al., 2015]. 
Consequently, the necessity to define and implement a proper risk management program is still alive. 
It should be edited considering the natural hazard to be opposed. As underlined by Fuchs et al., (2007), 
natural hazard is a physical event which cause a catastrophic event in a defined time and space, 
damaging the human being and their environment. More in general, the natural hazard has been 
defined by United Nations (2004) as the “probability of the occurrence of a potential damaging 
phenomenon”. The debris flow, triggered by rainfall, is recognized as the most common hazard for 
terraced landscapes and, therefore, it needs a particular attention. 


The vulnerability concept is directly connected to the natural hazard. It is defined as the probability 
to be damaged following the occurrence of a determined event [Birkmann, 2006]. Nevertheless, 
[Wilson et al., 2005] extended that definition, involving the three dimensions of vulnerability: 
exposure, intensity and impact. It is expressed by an index which varies between 0 and 1, where 1 is 
associated to a complete destruction while O is related to ability of the people, buildings and 
infrastructures to not be damaged. Even if several indices have been developed and tested for 
investigating the vulnerability of buildings and infrastructures, just few indicators have been 
introduced to assess the vulnerability of the landscape. Nevertheless, each of them requires a 
laborious and expensive procedure to evaluate the vulnerability in particular at detailed scale. Hence 
the need to develop an expeditious indicator for assessing the vulnerability of the areas subjected to 
a debris flow at detailed scale on terraces. 


To fill that gap of knowledge, the information related to terraces position and status at detailed scale 
are necessary. Capolupo et al., (in review) developed a novel approach for detecting terraced 
landscapes at detailed scale, going beyond the limits of the traditional approaches. It was based on 
the combination of photogrammetry and object-oriented analysis (OBIA) technique. The former is an 
essential tool for generating high resolution Digital Elevation Models (DEMs) and orthophotos able 
to describe the morphological surface of the Earth [Capolupo et al., 2015a; Capolupo et al., 2015b; 
Capolupo et al., 2018a]. The latter, was preferred to the pixel oriented classification procedure 
because it is able to take advantages of both spectral signature and morphological contribution. 


The new abilities of territorial analysis and terraced landscapes detection constitute the 
presuppositions to estimate the vulnerability at detailed scale. Indeed, the current research activity 
aimed to introduce a first proposal of a morphological Expeditious Indicator of Vulnerability (EVD 
able to identify the most vulnerable areas, which need an analysis more in depth through simulation 
procedures. 


2. MATERIAL AND METHOD 


2.1 Study area 

The research activity was conducted in Minori (40° 39’ 00” N, 14° 37’ 35” E), the most ancient 
municipality of Amalfi Coast, in Salerno province (Southern Italy). Its territory extends over 2.56 
km? and, as underlined by Caneva and Cancellieri, (2007), it is well-known overall the world for 
several aspects: the uniqueness of its landscape, modelled by human activities since 950 — 1025 AC, 
the great variety of vegetation, the cultural heritage of great value, dating from Roman period, the 
high quality farming products, such as chestnuts, lemons and grapes. Although the first two points 
are getting prevalent in the last few years attracting more and more tourists, the agricultural was and 
is the main source of income [Caneva and Cancellieri, 2007; Pindozzi et al., 2016]. Indeed, the 
terraced landscapes construction started during the Middles Ages to increase the soil permeability 
and reduce the slope gradients of mountains in order to make that area arable and habitable [Tarolli 
et al., 2014]. Unfortunately, just traditional agricultural techniques can be adopted on terraced 
landscapes because of their structures and locations. This involves that agriculture sector of that area 
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is not competitive anymore and, consequently, their abandonment has been getting more frequent, 
focusing the local economy on the tourism branch. The climate is mainly Mediterranean in the lower 
part of the municipality, while in the upper part, it is essentially temperate [Caneva and Cancellieri, 
2007]. Usually, the annual rainfall average is higher than 1000 mm, even if the area has been subjected 
to some catastrophic events, like the showers of more than 500 mm fallen in about four hours on the 
25" of October 1954. Those events cannot be described using the Gumbel distribution, the most 
widely applied for describing the meteorological problems, but by the Two Component Extreme 
Value (TCEV) [Rossi and Villani, 1994]. 


2.2 Field data and photogrammetric aerial photos collection 

The data sources of the current research activity involves: 

e the panchromatic historical series of the 13th of April 1956; 

e the RGB photogrammetric aerial photos of the 13th of March 2017; 


the multispectral photogrammetric aerial photos of the 13th of March 2017; 
e 162 Ground Control Points (GCPs). 


The panchromatic historical series is composed by the three different frames (197-V-1811; 197-V- 
1812; 197-V-1813) acquired at the quotas of 3900 m. They have been scanned using a 
photogrammetric scanner by the Italian Military Geographical Institute (IGM). Their format is equal 
to 230 x 230 mm. 


The RGB and the multispectral photogrammetric aerial photos were instead acquired by an own flight 
campaign, conducted under clear sky conditions at the altitude of 1000 m, using a Piper PA 18 Super 
CUB-I-CGAO & I-NIKI (VFR). That airplane was chosen because of the presence of a trapdoor 
located at the bottom of the chassis, where the cameras were placed. A Reflex Nikon D800e, 
characterized by 36.3 Mp and a pixel size of 0.00487 mm, was used to acquire the RGB images. A 
lens of 50 mm was mounted on it in order to adapt the final resolution to the size of the object under 
investigation. Also an external Global Position System (GPS) was employed on the camera in order 
to georeference the acquired pictures and to optimize the following metric reconstruction. A specific 
external circuit, composed by Arduino components, was designed and built by the Landscape and 
Rural Planning research unit (LARP) of the University of Naples Federico II to remotely control the 
shutter camera. The Tetracam ADC Snap, characterized by 1.3 Mp and a pixel size of 0.005 mm, was 
instead chosen to capture the multispectral photos. Its range of acquisition is comprised between 520 
and 920 nm, corresponding to Red, Green and Near Infrared bands. Its internal timer was adequately 
set to control the camera shutter and to acquire the image at a specific instant. 


As suggested by Nex and Remondino, (2014), the GCPs were acquired to improve the accuracy of 
the final metric reconstruction. Therefore, three field data campaigns were performed the 25", 27" of 
January 2016 and the 27" of April 2017 and 162 GCPs were acquired using a Differential Global 
Position System (DGPS) Sokkia GRX1 in ETRF2000 Epoch 2008. Two different sub-datasets were 
randomly generated extracting the GCPs from the original data source, as suggested by Höhle and 
Höhle, (2009): the former was employed for the metric reconstruction; the latter for the accuracy 
assessment. 


2.3 Scene metric reconstruction and terraces classification 

Each block of images has been separately processed in order to obtain the photogrammetric outcomes 
from each of them. Before starting the metric reconstruction, two preliminary steps (quality check of 
the photogrammetric pictures and the image orientation) were performed on the historical and on the 
recent datasets in order to improve the final outcomes. In addition, also the laboratory camera 
calibration was carried out for the RGB contemporaneous dataset using Agisoft Photoscan Lens 
software (Agisoft LLC, St. Petersburg, Russia). That phase could not be applied on the historical 
series and on the multispectral images since, in the first case, the interior parameters of the camera 
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were unknown while, in the second case, the dataset would be subjected to a specific procedure 
applying PixelWrench2 software (Tetracam, inc, Chatsworth, Cal.). 


The quality check was performed selecting the photos to be utilized during the reconstruction stage 
through their visual inspection. The results of that phase were essentially different for the three data 
sources: no defects were detected on the historical series; on the other hand, the 3% of RGB and 
multispectral pictures were blurry, and, consequently, they were removed and not took into account 
during the following procedures. That step has not affected the final results of the reconstruction 
procedure because these frames had been acquired during the phase to achieve the flight quotas and 
the first waypoints. Thus, the image orientation phase, consisting in the extraction of tie points and 
pictures alignment, started in Agisoft Photoscan Professional environment (Agisoft LLC, St. 
Petersburg, Russia). The deformation of the images blocks was minimized importing the subdataset 
of GCPs suitable for the metric reconstruction in that environment. Two Digital Elevation Models 
(DEMs) were extracted from the historical series and from the contemporaneous RGB dataset; on the 
contrary, three orthophotos were generated from each data sources. All the details regarding the 
photogrammetric process have been reported in Capolupo et al., (2014, 2015a, 2017). 


Before starting the classification phase to identify and classify the terraces, the small discontinuities 
in the two DEMs were removed applying ArcGis Hydrological tool of ESRI ArcGis Software, version 
10.1 (Redlands, CA., USA) as reported in Infascelli et al., (2013). Moreover, all the obtained 
photogrammetric rasters were purified from the sea and the border areas, since they were 
characterized by a high error in terms of elevation caused by the lack of GCPs in that zones. 


The photogrammetric results were subsequently processed in eCognition Developer 9 software 
(TRIMBLE Germany Gmbh) in order to generate a binary map, in which the terraced and not terraced 
landscapes were distinguished. An OBIA approach was preferred to the common pixel oriented 
classification technique in order to exploit the advantages of multispectral images and DEM. That 
procedure involved two different stages: the former, related to the segmentation phase, while, the 
latter, regarding the construction of a proper classification model. Two different segmentation 
algorithms, the “multiresolution segmentation” and the “spectral difference segmentation” were 
performed to fit the size of the generated objects to the real - world elements under investigations 
[Benz et al., 2004]. The second algorithm was applied only on the blocks of contemporaneous images 
since the spectral signature was not available for the historical series. The parameters of the two 
algorithms were set iteratively adapting them to the complexity and the heterogeneity of the study 
area, as described in Capolupo et al., (in review). A specific tree-level hierarchical structure, based 
on a proper rule — set, was built enhancing the contribution of each layer suitable for the terraces 
detection. The weighs attributed to each layer and the indices chosen for optimizing the classification 
have been reported and described in Capolupo et al., (in review). All the objects included in the 
terraces class were, subsequently, merged and exported as a single layer. 


The accuracy assessment phase was composed by two different aspects: the error analysis of the 
photogrammetric products and of the detected terraced landscapes. The former was obtained 
developing a specific code in R environment, which was based on the statistical approach reported 
by Höhle and Höhle (2009). It considers the calculation of residuals between the estimated and 
measured points. Therefore, the coefficient of determination (R°) and the Mean Error was examined 
to analyse their spatial trend. On the contrary, the accuracy of the generated binary map was expressed 
in terms of the percentage of terraced landscape correctly classified. It was assessed by comparing 
the final outcome with thirty validation data, manually selected during an interpretation phase of the 
generated orthophotos. 


2.4 Landslide event and vulnerability indicator 

The terraced landscapes largely widespread in the area under investigation have been subjected to a 
quick abandonment because of their scarce competitiveness (Tarolli et al., 2014). This caused a lack 
of maintenance of their retaining walls, which, consequently, are exposed to a high hazard for slope 
failures, easily triggered by the particular climate conditions of Minori, prone to heavy showers, like 
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the event of the 25" of October 1954. The effects on the cultivations, buildings and safety of people 
depends on the intensity and prevalence of the phenomenon. Catastrophic rainfall entail the landslides 
of all the mountain slope, damaging the floodplain and destroying all the buildings. No actions could 
be taken to prevent that situation. On the contrary, the landslide of a small piece of terrace damages 
a defined area. That kind of incidents are more common, as shown by the bibliography [Crosta et al., 
2003; Del Ventisette et al., 2012], and, consequently, they are more interesting to investigate. 


In particular, the morphological characteristics of Giampilieri area in Messina Province are similar to 
that ones of Minori. Therefore, the seven debris flows occurred in Giampilieri on 1th of October 2009, 
described by Del Ventisette et al., (2012), could be similar to the landslides could verify in the area 
under investigation. In that case, they observed that the landslides volume of the seven debris flows 
was comprised between 817 and 13507 m3. 


In the current study, an hypothetical debris flow, which characteristics are similar to that ones of the 
incident occurred in Giampilieri, was supposed and its effects were investigated. Its volume was 
assumed equal to 1000 m°, corresponding to an area of 20 x 30 m° with a depth of 1.5 m. 


The pre-processed photogrammetric DEMs were separately processed in order to detect the slope 
direction for each cell using the Surface Tool of ArcGis software. Therefore, for each direction a 
travel distance (L) of the debris flow was computed using the Equation 1, introduced by Rickenmann 
(1999): 


L = 1.9 x V’! x Ho? (1) 


where V is the volume and H is the total fall height. Crosta et al., (2003) showed the efficiency of the 
Equation 1 for describing the debris flow on terraced slopes. 


The comparison between the travel distance and the length of the mountain slope gives an idea of the 
debris flow hazard potential. Indeed, if L is smaller than the length of the mountain slope, the 
underlying area will not be not reached by any debris and, consequently, it is not damaged. On the 
contrary, if L is bigger than the other parameter, the underlying zones will be reached by the landslides 
and the damages will be proportional to the travel distance and the speed of the flow. The bigger the 
travel distance (L), the more vulnerable the underlying zone is. Therefore, on one hand the travel 
distance is an empirical indicator of the debris flow hazard potential, as underlined by Rickenmann 
(1999), on the other hand it allows to detect the vulnerable areas to be analyse more in depth. 
Examining the bibliography [Crosta et al., 2003; Del Ventisette et al., 2012] and the geometry of 
terraced landscapes, the overall conclusion is that the surface mainly interested by the debris flow on 
the flat at the basis of the terraced landscapes is of the order of 25 m. Each identified zone is 
characterize by a vulnerability value depending on the amount of buildings, historical ruins and the 
quantity of people which live in that area. To be able to define an univocal vulnerability value adapted 
to each area requires a laborious work based on the knowledge of each territorial element and the 
exact trend of the debris flow through an expensive simulation process. 


The assessment of the house volume (m°) in the detected vulnerable areas could be a first expeditious 
indicator of the vulnerability value for each identified areas. Such justification shall demonstrate the 
acronym Expeditious Vulnerability Index (EVI) (Equation 2). That index allows to minimize the 
simulations by limiting them just to the areas managed by a high value of EVI. 


EVI=2 Voi/ Av (2) 
where Vvi is the volume of each building included in that area and Ay is the area of the vulnerable 
zone in question. EVI is expressed in term of percentage. Each building was detected by manually 


interpreting the obtained orthophoto. The volume of each of them was calculated by multiplying the 
surface occupied and its height. 
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3. RESULTS 


3.1 Scene metric reconstruction and terraces classification 

Each block of images were separately processed to generate the photogrammetric outcomes. A high 
resolution orthophoto was generated from the three data sources: block of 1956, RGB pictures of 
2017 and multispectral photos of 2017. Their resolution (GSD) was equal to 240 mm, 7 mm and 15 
mm, respectively. Instead, the DEMs were obtained only from the dataset of 1956 and the RGB 
pictures of 2017. Their resolution was equal to 480 mm and 10 mm, respectively. Comparing the two 
orthophotos show that the buildings have boosted of 800% in the last 60 years. The consecutive 
procedure has led to generate a binary map, where the non terraced landscapes were distinguished 
from the terraced landscapes, shown in Figure 1. The accuracy assessment of the two final binary 
maps (Figure 1) was equal to 93% and 98% for the historical and the contemporaneous series, since 
three points have not been recognized in the first one and just one in the second one. The not 
recognized terraces have been marked with the yellow dots in Figure 1. 


Orthophoto 2017 
@ validation points 


HI terraced tandscapes HHI terraced tandscapes 


Figure 1: Validation of terraced landscapes for the dataset of 1956 and 2017, respectively. The 
blue points are correctly recognized; while, the yellow points are not recognized 


3.2 Vulnerability indicator 

Nine slopes, corresponding to nine directions of flow have been identified on the two sides of the 
mountains which go downs towards the municipality of Minori (Figure 2). For each of them the travel 
distance have been computed and compared with the length of the considered slope in order to identify 
the vulnerable areas. The results are reported in Table 1. 


Table 4: Travel distance for each slope and the length of each of them 


Slopes ID Colour Length of each Travel Distance Difference between 
corresponding to slope (m) (L)(m) the length of the 
the slopes in slope and L (m) 
Figure 2 
1 Red 222 1425 1203 
2 Yellow 361 941 579 
3 Green 288 751 463 
4 Blue 310 933 623 
5 Black 205 2768 2563 
6 White 329 1305 977 
7 Orange 118 4102 3984 
8 Purple 269 74 -195 
9 Pink 303 861 557 
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The travel distance (L) (Equation 1) of the slope number 8 (the purple area in Figure 2) is smaller 
than the length of the slopes, as shown in Table 1. Indeed, the difference between the length and the 
travel distance is -195 m. Therefore, a landslide generated at the top of that slope is not dangerous 
because the debris will not reach the underlying portion of municipality. Consequently, there is no 
reason to investigate the vulnerability of that area more in depth. On the contrary, the highest debris 
flow hazard potential is traced in the numbers 1, 5, 7 with a value of 1203 m, 2563 m and 3984 m, 
respectively. The values identified was the same for both data sources. 


Figure 2: Slope direction 


Eight vulnerable areas with a thickness of 25 m have been inspected in correspondence of slopes 1, 
2, 3, 4,5, 6, 7, 9. In each of them, EVI have been computed and shown in Figure 3, where the colour 
at each areas was assigned according to the vulnerability significance: green to the lowest value, 
orange to the medium rate and red to the highest one. The higher the EVI, the more vulnerable the 
area is. For the contemporaneous dataset, the highest value was detected for the slope number 5 with 
the value of 75%, followed by the number 1 and 7 with the value of 45% and 44%, respectively. The 
highest value of the dataset of 1956 (45%) has been identified in slope number 1. That slope shows 
the same value for both periods since the area has not been subjected to any changes. On the contrary, 
the remaining areas show a substantially lower value: the zones number 5 and 7 equal to 0%, the 
number 6 equal to 1%, the number 4 equal to 5%, the numbers 9, 3 and 2 equal to 15%, 18% and 
22% respectively. 


Figure 3: Expeditious Index of Vulnerability for dataset of 1956 and 2017, respectively 
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4. DISCUSSION AND CONCLUSIONS 


The current paper was intended to develop an easy and quick methodology to detect and investigate 
the vulnerable areas subjected to a debris flow caused on terraced landscapes slope. Indeed, in the 
last few years, the abandonment of terraces is becoming a problem more and more evident due to 
their scarce competitiveness. This phenomenon, in conjunction with the lack of knowledge related to 
their position and conservation status (Capolupo et al., in review), caused a lack of maintenance of 
those areas. Consequently, the possibility of occurrence of debris flows, triggered by rainfall, is more 
and more frequent, damaging the underlying areas [Crosta et al., 2003; Del Ventisette et al., 2012]. 
In addition, those events are more recurring in Amalfi Coast because of difficult meteorological 
situation, characterized by the occurrence of catastrophic event, like that one of the 25" of October 
1954, when more than 500 mm fell in about four hours. That situation cannot be described using 
Gumbel distribution [Rossi and Villani, 1994]. Analysing the status of Amalfi Coast terraces is even 
more interesting since they have been included in the UNESCO World Heritage List (year 1997 n. 
830). Preserving them is perfectly in line with UNESCO policy, expressed in the “World Cultural 
and Natural Heritage” convention of 1972, in which is underlined that all the historical sites to be 
protected and brought to the future generations. Therefore, Minori, the most ancient municipality of 
Amalfi Coast, has been chosen as the study area of the current research activity. 


The experiment was mainly composed by two steps. First of all, the position of terraced landscapes 
in the area under investigation have been detected using the combination of aerial photogrammetry 
and OBIA approach, as suggested in Capolupo et al., (in review). The generated binary maps show a 
high accuracy equal to 93% and 98% for the historical and contemporaneous datasets (Figure 1). The 
different result related to the accuracy assessment depends on the different resolution and the lack of 
multispectral information for the data of 1956. Both results are satisfying since they are suitable for 
describing complexity of territory at detailed scale. Moreover, the approach is really innovative and 
it allows to go beyond the limits of the traditional methods. Moreover, that technique can be applied 
at detailed scale. Moreover, it is based on an objectively classification approach and not an image 
interpretation. Comparing both orthophotos (Figure 1), it is also possible to point out that Minori has 
been subjected to an anthropization process: the amount of buildings have increased of about 800% 
[Capolupo et al., 2018b; Capolupo et al., 20148c], while the extension of terraces has not changed. 
That observation has been also confirmed by the results reported in Figure 2 and Table 1, related to 
the length of the slopes and the travel distance of an hypothetical debris flow caused by a small portion 
of terraces with a volume of 1000 m°. Those components have the same values both for the historical 
and the contemporaneous series. Nevertheless, the EVI, an expeditious indicator of the vulnerability, 
shows different values for the two investigated periods because of the anthropization process of the 
municipality of Minori (Figure 3). Figure 3 underlines that the vulnerability of each area has been 
subjected to an enormous rise. 


The methodology introduced in the present paper looks promising because it allows to quickly 
identify the priority areas to be investigated more in depth through the simulations of debris flow. 
Indeed, the amount of buildings underlying the terraces is just one of the indicator to be considered 
to define the most vulnerable areas, since, first of all, the travel distance of debris flow and the length 
of the slopes of the mountains have to be investigated. Therefore, the EVI indicator looks an important 
tool for the landscape planners. 
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Abstract 

Modern cities suffer from degraded air quality caused among others by the nature and the 
characteristics of the urban infrastructure and the contemporary building types and construction 
styles. Street canyons, created by continuous building alongside narrow or medium width streets, are 
quite common in many cities. They have a negative effect on urban air quality and thermal comfort 
conditions of city inhabitants. The aim of the present work is to simulate and predict flow fields at 
street canyons, as well as to assess the resultant heat fluxes. It analyses the aforementioned 
phenomenon under four scenarios changing the sources of heat fluxes. For this purpose a 
computational fluid dynamic model is used. Based on the results, the most adverse effect is found at 
about the middle of the building height, when considering as source of heat flux the building face, 
where the maximum temperature near the building is found. The temperature at the intermediate 
places of the city canyon remains, as expected, at lower levels than the temperature close to the heat 
sources. It is of note that the warm air near the building faces will deteriorate the comfortable interior 
room climatic conditions. 


Keywords: street canyons, thermal effect, CFD, heat fluxes, room comfort 
1. INTRODUCTION 


Air quality in urban areas is an important issue for the citizens’ health (Schwela, 2000). Many factors 
affect urban air quality such as the shape and the size of the buildings, as well as the orientation and 
the width of the main and secondary road network. In most modern cities, the structure of the 
buildings has been developed into various patterns of urban grids which resulted to the formulation 
of the so-called street canyons. Urban street canyon is a principal structure that characterizes the form 
of a whole city. It is built by continuous buildings on both sides of a narrow street (Zakaria et al, 
2015). 


In recent years, the impact of street canyons on the quality of residents’ life, including their effect, 
firstly, on the energy potential accumulated in the city, secondly, on the energy performance of 
buildings and, thirdly, on the diffusion of air pollutants, has gained an increased scientific interest. 
Several studies have focused on the environmental effect to the building urban areas (De Lieto 
Vollaro et al, 2013; Memon et al, 2009) and more precisely to the indirect effect on the energy 
efficiency due to urban thermal field variations (De Lieto Vollaro et al, 2015a, b). The variation of 
the urban fabric caused by the rapid urbanization of cities leads to the flow and thermal field with a 
direct effect on the city environment. 


Computational fluid dynamics (CFD) may be used to analyze the thermal flow field condition around 
the buildings in order to investigate the temperature effects inside and above urban canyons (Li et al, 
2012; Battista and Mauri, 2016), considering an idealized two-dimensional model. 
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To the best of our knowledge, there have been few studies that investigate the flow temperature field 
of street canyons due to the thermal effects in calm conditions. 


The present work studies numerically the heat transfer by buoyancy within and above a street canyon, 
which is caused by the solar heating of road and building surfaces in a calm atmosphere. 


2. MATERIALS AND METHODS 


2.1 Model description 

In order to conduct the computational fluid dynamics (CFD) simulation, the ANSYS® Fluent 19 
software has been used, based on a two-dimensional model, as shown in the schematic representation 
in Figure 1. The geometry of the model was prepared using the software ANSYS® Design Modeler. 
More specifically, the street canyon is simulated as a 0.4 m wide slot, having 1 m high side walls, 
which was placed 0.20 m above the road in order to allow air inlet. In this way, the air entered by the 
cross roads is simulated in the present two-dimensional model. The simulated canyon is placed in a 
wider test computational space of total dimensions of 6 m wide and 4.60 m high. The test space has 
two inlets of 0.20 m at the side walls near the bottom to allow the entrance of 20°C ambient air and 
other two outlets near the top of side walls to allow exit of the air. The temperature of the ambient air 
was set to 20°C. The duration of the numerical experiment was approximately two minutes so that to 
prevent air recirculation and stratification. In this sense the phenomenon may be considered quasi 
steady-state. 
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Figure 1: Configuration of the 2D flow field due to heat fluxes coming from road and building 
walls within and above a street canyon, simulated in an ample computational domain. 


Our study analyses the aforementioned phenomenon of a street canyon under four scenarios 
concerning the sources of heat fluxes: Scenario I- road heat flux; Scenario H- building walls heat 
fluxes; Scenario II- road and left building wall heat fluxes; and Scenario IV- road and building walls 
heat fluxes. 
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2.2 Model set-up 

The model domain was discretized using rectangular cells. For greater accuracy, the mesh has been 
refined in the focused area that includes the road and the walls of the buildings up to the top of the 
computational domain. 


The software was set-up by using 2D double precision, to reduce the error of numerical calculation, 
pressure-based version and the unsteady Reynolds-Averaged Navier-Stokes (RANS) equations have 
been solved in combination with the standard k-e turbulence model. 


The governing equations of the phenomenon are RANS equations with a Boussinesq assumption for 
buoyancy effects: 
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where w is the axial mean velocity component, u is the transverse mean velocity component, w’ and 
u' are their corresponding fluctuations due to turbulence, g is the gravity acceleration, p is the 
pressure, P= Py — aPo (T -T,) is the local density of air, po and To are the reference density and 


temperature, a is the thermal expansion coefficient, x is the thermal diffusivity of air, Cp is the isobaric 
heat capacity, J is the rate per unit volume heat production, w°, w'T', u'T' are the local mean axial 
velocity and tracer fluxes due to turbulence fluctuations of w, u and T. 


The following boundary conditions were assigned: No-slip velocity on the road surface, building 
walls and on the bottom and side boundaries of the domain, while symmetry conditions are assigned 
on the top boundary. The temperature of air entered the computational domain was set to 20°C. A 
300 W/m? heat flux is considered to come out from the road during the midday hours for Scenarios 
I, II and IV, in combination with a 100 W/m? heat flux coming out from the left building wall for 
Scenario II and from both side walls of the canyon for Scenario IV. No heat flux is considered to 
come out from the canyon side walls for Scenario I, from the road for Scenario II or from the right 
building wall for Scenario II. Initially, zero velocity value was assigned at the entire computational 
domain. 
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3. RESULTS AND DISCUSION 


3.1 Axial velocity and temperature on the canyon centreline 

The axial velocity and temperatures of the simulated canyon calculated on its centreline are shown in 
Figure 2 for the four simulated scenarios. Paying attention on the Figure 2(a), it is observed that the 
velocities inside the city canyon are linearly increased with the height from the road surface until y = 
0.3h taking values from 0 to 0.20 m/s for Scenarios I, III and IV, while Scenario II has given 
somewhat greater values (0 to 0.26 m/s). This increase is a result of the accelerating air masses due 
to the thermal buoyant forces. In the centreline region from y = 0.3h and up to the top of the buildings 
(y = 1.2h) the axial velocities are decreased up to values in the range (0.12 — 0.15 m/s) mainly due to 
the friction effects of the building walls. In the free space above the city canyon, due to thermal 
buoyancy, the centreline axial velocities are increased up to a value of 0.3 m/s for Scenario I and up 
to 0.44 m/s for Scenario II, while for Scenarios III and IV the values reach 0.4 m/s. 


The heat sources of Scenario HI are non symmetrical; thus, the centreline axial velocities vary in the 
range (0.3 — 0.4 m/s) in the region above the height y = 2h and up to y = 4h, while Scenarios I and IV 
give approximately constant axial velocities in this region. This behaviour is characteristic in two- 
dimensional plume flows (Yannopoulos, 2006). In further heights the centreline axial velocities are 
decreasing as the flow is approaching to the ceiling of the computational space. 
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Figure 2: Variation with height of: (a) axial velocities; and (b) temperatures, for Scenarios I, 
II, HI and IV simulated. 
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The variation of the air temperature along the city canyon centreline is shown in Figure 2(b). The 
temperature starts from 24 — 26°C at the road heat source (Scenarios I, III and IV) and from 20°C 
(ambient air temperature), when the heat source is only at the side walls. For Scenarios I, III and IV, 
the temperature is decreasing with about the same rate and reach the value of 22°C at the height region 
from y = 0.4h up to y = 0.8h, while for Scenario II the temperature is increasing due to the wall thermal 
influence. This is also evident if paying attention on the temperature variation in further heights for 
Scenarios HI and IV, which show a temperature increase from y = 0.4h/ up to y = 2h, due to wall 
thermal plumes, while there is a gradual decrease for Scenario I, which has only a road heat source. 
In the height y ~ 2h the temperature takes a maximum value of 23°C, 22.5°C and 21.8°C for Scenarios 
IV, II and I, correspondingly. Above this height there is a gradual decrease of temperature for 
Scenarios I, II and IV of symmetrical heat sources. 


3.2 Transverse profiles of axial velocity and temperature 

The transverse profiles of axial velocity at several heights above the road of the city canyon are shown 
in Figure 3 for the four scenarios simulated. The velocity profiles are shown in Figures 3(a), (b) and 
(d) for Scenarios I, II and IV of symmetrical heat sources, correspondingly. Therefore, the velocity 
profiles are symmetrical as expected, while the profiles of Scenario III, which has non symmetrical 
heat sources, are non symmetrical as well. The maximum value of axial velocity near the building is 
found at about the half building height (y ~ 0.7h) for Scenarios II, III and IV and is varied in the range 
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Figure 3: Transverse profiles at several heights of axial velocities for the simulated: (a) 
Scenario I; (b) Scenario II; (c) Scenario III; and (d) Scenario IV. 
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(0.17 —0.2 m/s). The maximum axial velocity calculated is 0.44 m/s which is in the range of velocities 
measured in a calm atmosphere. 


The transverse profiles of temperature at several heights above the road of the city canyon are shown 
in Figure 4 for the four scenarios simulated. The temperature profiles are shown in Figures 4(a), (b) 
and (d) for Scenarios I, II and IV of symmetrical heat sources, correspondingly. Therefore, the 
temperature profiles are symmetrical as expected, while the profiles of Scenario II, which has non 
symmetrical heat sources, are non symmetrical as well. The maximum value of temperature near the 
building is found at about the half building height (y ~ 0.7h) for Scenarios II, HI and IV and is varied 
in the range (27 — 28°C or a bit higher). As expected, the temperature at the intermediate places of 
the city canyon is kept at lower levels than the temperature near the heat sources. It is interesting to 
note that the warm air near the building faces will deteriorate the comfortable interior room climatic 
conditions. The most adverse effect is found at about the middle of the building height for Scenarios 
I, II and IV, which assume that the building face is a source of heat flux. 
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Figure 4: Transverse profiles at several heights of temperatures for the simulated: (a) 
Scenario I; (b) Scenario II; (c) Scenario III; and (d) Scenario IV. 


4. CONCLUSIONS 
For the four scenarios examined numerically regarding the thermal effects in a city street canyon due 


to heat fluxes originated from either the road (300 W/m”) or/and the side building faces (100 W/m”), 
the following conclusions are drawn: 
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e The axial velocities increase linearly initially up to about 0.3/ taking values from 0 to 0.26 
m/s and then decrease to 0.12 — 0.15 m/s up to the top of the buildings. The axial velocities 
near the faces of the buildings take values up to 0.20 m/s. 


e The temperature at the street canyon centerline is about 24 — 26°C near the heat flux sources 
and initially starts decreasing linearly up to about 0.3h taking values around 22°C and then is 
kept nearly constant up to the top of the buildings. Near the faces of the buildings, when heat 
sources are considered, the temperature reaches 28°C or may be higher in the lower half of 
the building height that may affect adversely the comfort of room climatic conditions. 


Over the buildings height, the air velocities are increasing up to a maximum value of 0.44 m/s, which 
characterizes a calm atmosphere. The temperature remains also at a level of 21 — 23°C. 
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Abstract 

After having scientific documentation of the variations of temperature and relative humidity inside 
three Macedonian tombs excavated in the area of Pella and Agios Athanasios, comparative analysis 
of the data was conducted. The analysis of the hydrothermal behavior of these underground chambers 
showed that the tumulus protected the tombs and their treasures against the deterioration processes. 


The tumuli over tombs in north Greece named “Macedonian tombs” were constructed in ancient times 
as “far seen signs” of important persons’ burials. Structurally, the tumulus is a big mass of artificial 
earth, covering monumental tombs which are dated between the 4 and 2™ century B.C. Its 
construction is the artificial packing of different layers of earth, with different consistency. These 
layers created a perfect drainage system. This way, the rain water was directed to the periphery of the 
cone-shaped tumulus and not inside the tombs. Because of the thermal inertia of the surrounding soil, 
fluctuations of temperature were of less width inside the tombs than outside. The tombs were 
preserved under stable microclimatic conditions in a very good state. 


This study shows that the tumulus is a very important technical achievement for its era, not only due 
to its great mass -sometimes 12 m. high, but due to its construction and the impact to the protection 
of the underneath tombs, which are significant heritage structures. Other factors that affected the 
microclimate stability inside the tombs were the volume of the interior space, the rate of exposure to 
the external climate and the protection measures after the excavation. Estimations according to the 
analysis are presented in this paper. 


Keywords: Microclimate, Hydrothermal performance, Heritage structures, Macedonian tombs, 
Tumulus 


1. INTRODUCTION 


An important feature of the Macedonian tombs is their artificial sedimentation with soil, in the shape 
of a conical tomb, the reason for its creation may have been local religious beliefs and burial customs. 
[Gossel, 1980] The result was that these monumental graves remained completely unseen, destined 
exclusively to the dead and the goddesses, according to the metaphysical beliefs of the ancient 
Macedonians. 


Although up to now more than 100 tombs have been excavated throughout Macedonia, archaeological 
interest has been traced to the importance of the Macedonian tombs revealed and no systematic 
research has been done on the tumulus itself, the way it was constructed and the significance of 
existence and preserving it. 
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References are only made to archaeological announcements, but they are always fragmentary and 
short. Manolis Andronikos, the archaeologist who supervised the excavation of the royal tombs of 
Vergina, wrote that the tumulus is a "monument of a significant burial", meaning that the artificial 
embankment is a "monument" itself. At the same time, he noticed that it is not a simple build-up of 
soil but has a specific structure. 


P. Harisis wrote in 1978 his first technical essay, titled "Rules for the Construction of Burial Tumuli", 
where he tried to analyze the tumulus as a geometric solid and to explain its static structure [Harisis, 
1978]. 


During the last decade, archaeologists who excavated Macedonian tombs have made simple 
references to the construction of the tumuli. There have been designed depictions of the stratigraphic 
sections, but no further research has been done on the structure and the reason for the existence of the 
tumulus. It is still treated as a mass of soil, which should be removed during the excavation in order 
to reveal the hidden treasure. 


The present work is a first attempt to decode this huge technical work, not only in terms of its 
construction, but mainly in terms of its operation in relation to the tombs underneath. The 3-year 
study of Macedonian tombs in the area of Pella and Agios Athanasios, with continuous measurements 
of the microclimatic conditions in these monuments, revealed the direct correlation of the volume of 
the tumulus with the hydrothermal conditions in the tombs and the subsequent damage to their 
building materials. 


2. THE TUMULUS 


2.1 Origin - Geographical location 

The practice of building mounds as burial marks has a long-standing presence in the area of the 
Balkan Peninsula. Tombs clusters have been identified in ancient Thrace as well as in ancient Illyria. 
In Greece, the most representative example is the necropolis in Vergina, with tombs dating back to 
1000-700 B.C. until the 2nd century B.C. Some interaction between the three areas must be 
considered certain and expected. It is very difficult to determine when, under what conditions and 
from which geographic area it began and how the practice of mound building was adopted by 
Macedonia [Gurova, 1999]. Apart from the Balkan region, similar burial monuments have been 
studied all over the world, concerning their hydrothermal performance. In the international literature, 
we can find references to the Etruscan tombs in Tarquinia - Italy, the massive burial tombs in Turkey, 
the graves of Japan emperors, the tombs in Valley of the Kings - Egypt. 


2.2 Reasons for constructing the tumulus in the ancient era 

According to Homer, the tumulus is a "far seen sign" (the sign that appears from a distance) and 
according to Manolis Andronikos it is the "tombstone" of a significant burial. It is not yet confirmed 
whether tombstones were placed at the top of the tumulus, although it was enough to mark the site of 
burial. Apart from the operation of the sign, there were definitely and practical reasons that led to the 
construction of the artificial tumulus. These reasons are: 


1. to protect the grave and valuable burial offerings from the tomb thieves, and 
2. to protect the structural materials of the tomb from deterioration due to environmental conditions. 


Therefore, with the construction of the tumulus, the ancient technicians aimed to protect the burial of 
desecration and the tomb from deterioration. 


2.3 The tumulus as a technical project 

The tumulus must be considered as a technical achievement for that era, taking into account the huge 
quantities of soil that had to be transported and spread, with the use of transport means, lifting 
machines and the laborious work of hundreds of people. Ancient builders knew very well the 
characteristics of the soil and its layering. Observations on how the tumulus was built, lead to the 
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conclusion that it is not just a random build-up of soil but it is a properly designed work with structural 
consistency to withstand time and stratification to ensure water runoff to its periphery so as little as 
possible water retention and minimal inflow to the grave. (Fig. 1) 

This is accomplished by alternating successive layers of chopped and coarse material. The condensed 
fine-grained layer has a low degree of water permeability; therefore it does not allow rain water to 
penetrate deep so that it concentrates on its upper surface. The layer of coarse material allows the free 
flow of water, which before it would penetrate into the lower layers, flows, due to the slope, to the 
perimeter of the tumulus, away from the tomb [Harisis, 1978]. In addition, the volume of accumulated 
soil with its high heat capacity ensures temperature stability and relative humidity inside the 
monument, since it isolates it from the climate conditions. 


Figure 1: Representation of the water fluxes due to the different construction layers of the 
tumulus [Harisis, P., 1978. Computer coloring by authors] 


2.4 Discussion about how the tumulus was constructed 

The excavation process which has been applied and continues to be the accepted method of 
exploration in the tombs of the Macedonian tombs, led to the complete demolition of the tumulus, 
often without being previously designed. Until now, as far as is known from the literature, detailed 
research on the layering of the tumulus has not been mentioned. Technically, the way that the tumulus 
was built remains unknown. No evidence has been found of the methods of construction. Evidently, 
certain tools and machines were used for the elevation of the soil, the layering, the condensation of 
the layers, the achievement of the geometry of the conical shape as a one. 


2.4.1 The example of modern constructions 

The technology of our times is far from that of our ancient ancestors. But there are some elements in 
practical methodology that are so basic, that they may not have changed much since antiquity. If we 
observe the construction of circular buildings today, beyond the image of modern materials and 
machinery, we can see that it is based on reference to the center of the base circle and the vertical 
axon. (Fig.2a) A crane machine is placed at the center point and the construction is raised 
parametrically, from the bottom to the top. The rationale is very simple and leads to the question: was 
the tumulus built in a similar way? 
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Figures 2-3: Circular modern buildings [Photo by authors] - Traditional circular clay 
buildings [Pearlmutter, D., 1992] 


2.4.2 The example of traditional circular clay buildings 

Corresponding building styles can be found in traditional architecture, with dome construction. A 
central vertical guide serves as a reference (Fig.2b) while its horizontal stem ensures proper layering 
[Pearlmutter, 1992]. 


2.4.3 An example from the excavation of a Phrygian tumulus 

The only example of a detailed excavation of a tumulus has been reported in the case of the Tomb in 
Gordion, Phrygia, where the excavation reveals the existence of a wooden vertical guide in the center 
of the tumulus [Young, 1981]. 


2.5 Hydrothermal behavior and water-proofing 
An underground construction is influenced by seasonal cycles but not by daily ones. The hydro- 
thermal evolution within this interior is related to the following factors: 


1. The thermal energy transferred through the soil to the building elements (floor, walls, roof) and 
then through the building elements to the air of the interior. This thermal energy is associated with 
daytime and seasonal cycles. 


2. Water exchanges at all concentration stages, in a similar way between soil and indoor air. These 
latter, moreover, are in close connection with the exchanges of thermal energy [Massari, 1993]. In 
literature, there are reports of methods of waterproofing tombs, not only to the ancient Macedonians. 
Characteristic is the case of the Tomb in Gordion, Phrygia, where a layer of clay carefully compressed 
and polished over the wooden grave was able to keep its shape even after the tomb roof collapsed 
[Young, 1981] The use of this material is attributed to the intention of waterproofing the tomb, but 
also to the static reinforcement of the roof (Fig.3). 


ay 


Figure 4: Exchanges of air and humidity between interior and the surroundings. [Authors] 
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Observations on the layering of the tumuli in various Macedonian tombs are presented. The 
construction with alternating layers is evident in the vertical slopes of the excavated tumuli. In the 
tomb of Agios Athanasios, there was observed the existence of a layer of solid clay just above the 
arc-like roof of the tomb. The same layer of clay was also found above the roof-arch in the tomb of 
Langada. (Fig.4) 
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Figures 5 - 6: Macedonian tombs in Agios Athanasios and Langada 
3. THE RESEARCH 


3.1 Location and climate conditions 

The monuments studied are located geographically at the plain of Thessaloniki, NW from the present 
bay of Thermaikos gulf. The local climatic conditions present the characteristics of the Mediterranean 
climate. The air temperature during the year shows a simple fluctuation, with a maximum in July and 
a minimum in January. Rains usually fall late in autumn and spring. Thus, in the winter and spring 
months there is excess water and high humidity, while in the summer there happens a very intense 
evaporation. 


3.2 Tombs of Pella 
Sixteen burial tombs are located in the area of Pella. [Chrysostomou, 1987, 1994] Two of them were 
the subject of this research. 


A. The tumulus D’, at the eastern cemetery of Pella has a diameter of 60m and a height of 9 m. A 
two-chamber burial structure with a Doric facade was found at the south part of the tumulus, at a 
depth of 4.30 counting from the top. The tomb dates back to the end of the 4th century B.C. 


B. The tumulus C’ of the cemetery of Pella, located south of the road of Thessaloniki - Giannitsa, 3.3 
km away from it. Tomb dimensions: 5m height and a diameter of 35m. A two-chamber burial building 
with Ionic facade and “road” (dromos) was found, under the 5m tumulus. The orientation of the facade 
is towards the east. The tomb dates back to the beginning of the 3rd century B.C. 


3.3 Tombs of Agios Athanasios, Thessaloniki 

The cemetery at Agios Athanasios is related to the settlement in the neighboring tumulus Topsin, on 
the east bank of Axios river, where there are indications of habitation from the Neolithic to the late 
Hellenistic period, which likelihood can be identified with the ancient city Halastra. The big tumulus 
is 100m in diameter and 18m height [Tsimbidou, 1993, 1994]. After an excavation survey in the 
tumulus, two important tombs were found: 


e amonumental box-shaped tomb, having internal dimensions of 2.00 x 1.45m and a height of about 
1.50 m. It dates back to the late 4th or early 3rd century B.C. 
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e a Macedonian tomb with a painted facade. It is dated in the 4th century B.C. It is characterized 
by frescoes on the façade, an important example of painting in Macedonia. 


TERS tomb D 


A. Athanasios tomb 
tomb C 
r tomb 
Pella tomb C | | 
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Figures 7 - 8 : Horizontal and vertical cross-sections of three tumuli [Authors] - Comparative 
sections of four tumuli [Authors] 


3.4 Recording the microclimate in the tombs 

The precise hydrothermal state of the structure had to be studied after recording of the surface 
temperatures on the interior walls in contact with the soil, the façade wall exposed to the external 
climate, as well as in the air of the interior space. In particular, changes in the thermal status of the 
monuments were recorded on a daily and annual basis, with reference to the horizontal direction 
(façade-antechamber-chamber) and the vertical direction (floor - middle level - arch). Recordings 
were made in two ways (Fig.6) : 


1. Instantaneous recordings once a month, all over the inner surface of the monuments and on the 
facade, with a simple temperature display. 


2. Continuous electronic recording with sensor placement at specific points of the walls, with an 
hourly step. 
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Figures 9 — 10 - 11: Electronic data were obtained inside the tomb D and on the surface of the 
tumulus [Source: Authors] 


4. DIAGRAMS - OBSERVATIONS 


Observations on the recordings in the four monuments over three years, led to stating the following: 


1. All tombs present reduced range of temperature and relative humidity in their interior space and 
phase delay in relation to external environmental conditions, due to the increased heat capacity of 
their construction materials and the embankment of the tumulus. 
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2. The most stable state of the microclimate prevails in the Doric tomb of Pella. Compared to the rest 
of the tombs, it is the largest in size and is covered by the second in size tumulus. The revelation of 
his structural body has only been made at the level of the facade. 


3. The second tentacle of stability is the Ionic tomb of Pella. It is the second in dimensions and is 
covered by the smallest tumulus. The revelation of his structural body has only been made at the level 
of the face. 


4. The third is the Macedonian tomb of Agios Athanasios. It is the third largest in size and is covered 
by the largest tumulus. A large part of the building structure was exposed to the environment, since, 
due to the poor static view of the arched state, a large part of the tumulus was disembarked over it. 
Thus, in addition to the facade, most of the roof remained unprotected. To protect it was made a 
wooden enclosure with sheets and nylon, which later was strengthened with double entry and stylized, 
with obvious results in the reduction of the range of fluctuations. 


5. The box-shaped tomb has the smallest size and is covered by the largest tumulus. It shows the 
greatest instability of environmental conditions. The revelation of his structural body has been made 
only at the level of the facade. 


Relative Humidity during one year 


Temperature during one year environment 


70 
25 
| environment eof 
2» N 
50 
J “A> 
15 40 


sd tomb chambers ü | 
Ist of April Ist of April 

Figures 12 - 13: Diagrams of temperature and relative humidity. Relationship between the 

three tombs and the environment [Authors] 
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5. CALCULATIONS 


Calculations have been done with the use of the software WUFI pro, on moisture transfer and 
moisture content in the building elements. Equations - The Calculation Model 


5.1 Moisture Transfer 

In porous building materials the predominant moisture transport mechanisms are vapor 
diffusion, surface diffusion and capillary conduction. Other transport phenomena, for example 
seepage flow through gravitation in non-saturated pore spaces or migration of water molecules due 
to electric fields or osmotic pressures, cannot yet be computed in a satisfactory way. However, since 
they only play a major part in exceptional cases, they are not further considered here. Convection 
effects, for example moist interior air permeating building components because of pressure 
differentials between the interior and the exterior side, are ignored as well. Since airtightness is an 
essential property of a building wall, air convection is in practice only found in unplanned cases of 
defective parts or inappropriate building components. It is therefore difficult to quantify beforehand 
and could also only be realistically determined by three-dimensional fluid dynamical simulation 
programs. The driving force for surface diffusion is therefore relative humidity and not vapor 
pressure. Thus under the boundary conditions, vapor diffusion and surface diffusion go in opposite 
directions. Surface diffusion must therefore be regarded as a type of liquid transport, not a type of 
vapor transport in the gas phase. 
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5.2 Hygrothermal Material Properties 
In general, the following material properties are necessary for the non-steady computation of the 
temperature fields: 


bulk density p of the dry material, specific heat capacity c, thermal conductivity À 

The hygric properties that need to be known for all (i.e. also for non-hygroscopic) materials are: 
e Water vapor diffusion resistance factor u (u-value) 

e Porosity £ (as a measure of the maximum possible water content wmax) 


If the behavior of hygroscopic, capillary active materials is to be simulated correctly, the moisture 
storage function and the moisture-dependent liquid transport coefficients are also needed. 


5.3 Climate Conditions and Surface Transfer 

Through its surfaces, every building component is undergoing hygrothermal interaction with its 
surroundings. The surroundings are affecting the component and the component is affecting its 
surroundings, for example by releasing stored heat or by sorption of indoor air humidity. Basically, 
three types of boundary conditions must be distinguished: the exterior ambient conditions above and 
below the ground and the indoor conditions. In all three cases, different surface transfer conditions 
have to be employed, due to the different exchange processes involving convection and radiation or 
conduction and diffusion. 


5.4 Hygrothermal conditions below ground 

Below ground, the variations of the exterior air temperature only propagate strongly damped. A study 
show that at a depth of 1m below the surface the damping eliminates all daily variations. Furthermore, 
there is a phase shift of several weeks with respect to the air temperature which is most noticeable in 
spring and in autumn. The humidity in the ground usually lies between 99% and 100% RH if 
vegetation is present, since plants cannot extract moisture from the ground at lower humidities. This 
also applies to substrate layers in planted roofs, although at different temperature levels. 


5.5 Equations - The Calculation Model 

A number of hygrothermal simulation models which provide reliable results has been developed in 
different countries. The following description discusses the model which forms the basis for the PC 
program WUFI (Wärme- Und Feuchtetransport Instationar) [Kiinzel, 1994]. In this model the non- 
steady heat and moisture transport processes in building components are described by the following 
coupled differential equations: 


0HA0 a 05] + hex (22) 
ð dt ðx\ Ox Ox \ Ox) Heat transport (1) 
mad 2 (5,p,98) , 2 (5) 

Op ot Ox Op Ox Ox \ p Ox / Moisture transport (2) 


Dw [m?/s]: Liquid transport coefficient 

H[J/m?] : Enthalpy of moist building material 

hy [J/kg]: Evaporation enthalpy of water 

p [Pa] : Water vapor partial pressure 

u [m?/m?]: Water content 

6 [kg/msPa] : Water vapor diffusion coefficient in air 
[°C]: Temperature 

à [W/mK]: Heat conductivity of moist material 
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u[-]: Vapor diffusion resistance factor of dry material 
pw [kg/m3]: Density of water 
© [-]: Relative humidity 


6. DISCUSSION 


6.1 Exposure to the external environment, evaporation, condensation and water content 
Periods with open entrance to the tomb, cause great intensity of the phenomenon of evaporation, 
especially during the midday and afternoon hours. It is characteristic that the excavation and opening 
of the tombs took place between April and June, precisely during the less appropriate period of the 
year. For the parts of the structure that have been excavated, the condensation conditions are different. 
Thus, condensation may occur on the internal surfaces of the exposed walls or within their mass. This 
phenomenon may occur during winter or at night in the summer and if the relative humidity of the 
indoor air is high. 


— Plaster 
Lime stone 


300 —} a ti — 24 ne ^n 


Water Content [kg/m] 


Water Content [kg/m?] 


1/6/1994 1/9/1994 1/12/1894 1/3/1995 


Time [days] 


Figures 14 - 15: Water content in three different layers of the facade during one year - 
Temperature and dew point inside the stone mass, in one year period [Authors] 


Temperature at monitor positions: 


Temperature [°C] 


Figure 16: Temperature inside the stone mass of the facade during one year, at different 
positions of a cross section [Authors] 


6.2 The type of the shelter 
The construction of a closed shelter aimed to reduce to a greater extent the air exchanges and the 
better guarding of the monument, but not a complete protection from the weather changes, due to the 
absence of thermal insulation. 
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6.3 Human interventions 

Generally, the relative humidity increase, happened in the indoor air of the monuments due to human 
presence, as well as due to the movement of air layers, resulting in evaporation from interior walls. 
Air currents may be caused by a rise in pressure in front of the entrance of the tomb. When it becomes 
greater than the pressure inside, it causes air to move out, due to a pressure difference. 


6.4 Excavation period 

An important outcome seems to be the diagrams showing the total water content in three different 
hypothetic excavation periods. The opening of the tomb is supposed to have started in case 1 at the 
1“ of April, in case 2 at the 1* of September and in case 3 at the 1% of January. 


1st of JANUARY 1st of SEPTEMBER 


Water Content [M.-%] 


1st of APRIL 


Water Content [M.-% ] 


Figure 17: The water content in the tomb’s facade, in relation to the excavation period. 
Comparison between April, September and January [Authors] 


The comparison between the three situations gives the following results: the building component of 
the tomb’s façade, that is mainly exposed after the excavation to the outdoor climatic conditions, is 
getting dry immediately. The drying period is one month during April and September, in cases | and 
2. The drying period is more extended in case 3, when the hypothetic excavation begins in January. 
The building component of the tomb’s facade is getting dry after three months. (Fig. 10) 


7. CONCLUSIONS 


The tumulus must be subject of great attention and thorough investigation. The disturbance of the 
constructional balance of the tumulus as a natural solid shape with internal retaining forces, as well 
as the exposure of the slopes of the excavation to the devastating effect of the environment (rains, 
winds, solar radiation, wetting-drying procedures), are serious risks for future gradual collapse and 
total loss. 

The materials of Macedonian tombs easily absorb moisture due to their porous composition and easily 
dry by evaporation to the environment. Generally, they are subjected to an annual cycle of wetting- 
drying. The same cycle is created on a daily basis to the parts of the tomb that remain exposed to 
changes in climatic conditions and have a higher intensity over specific periods of time, mainly during 
summer and less during winter. Evaporation is especially favored during the summer and only in 
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special conditions until late autumn. The phenomenon of condensation mainly takes place in spring, 
but it can occur occasionally in winter under special conditions. Generally the greatest intensity of 
the phenomena occurs in the exposed parts of the walls. Deterioration of wall paintings occurs mainly 
during the evaporation phase. Reconsidering the prevailing practices regarding excavation activity on 
tumuli, in connection with the final formation of the microclimate in the tombs, one can draw 
conclusions about the human interventions that lead to the deterioration of the monuments. 
Simulation of the opening of the tomb in three different hypothetic excavation periods, leads to a 
drying period of one month during April and September and three months when the excavation begins 
in January. So the most dangerous period is between April and September. Late autumn, and winter 
is the best time for excavation activity. In the future, the excavation process should be planned 
according to the dehumidification of the building components, in order to protect the important wall 
paintings. 
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Abstract 

This study aims to compare the environmental impacts of two office-seating units via life cycle 
assessment (LCA) methodology. The system boundary covers raw material extraction and pre- 
processing, transportation, manufacturing, distribution and usage and end of life stages. Therefore, 
the results are obtained on the whole life cycle. The evaluated impact categories are as follows: Global 
warming potential (GWP), acidification potential (AP), eutrophication potential (EP) and 
photochemical ozone creation potential (smog) (POCP). This study is a pioneering one conducted on 
the Turkish furniture industry. For both of the seating units under investigation raw material 
extraction and pre-processing stage have the highest share in all impact categories. Considerable 
differences in impacts are observed for the two seating units evaluated. 


Keywords: environmental impact; life cycle assessment; furniture; office seating; sustainability 
1. INTRODUCTION 


Life cycle assessment (LCA) is the most commonly used tool to find out the environmental impacts 
of services, products and processes in a holistic point of view. While indicating the environmental 
burdens of various products, it grounds a very beneficial platform for comparing the products 
designated to fulfil the same function, and/or improving diverse stages of 
production/transportation/end of life to achieve sustainability. 


Up to now inadequate number of LCA studies are conducted in Turkey by considering the site specific 
issues (Atmaca, 2016; Atilgan and Azapagic, 2016; Ozkan et. al., 2017; Gunkaya et. al., 2016; 
Demirel and Erkayaoglu, 2016). 


The furniture industry is one of the emerging sectors in Turkey. The firms range from large scale that 
manufacture by automated mass-production techniques to small workshops. The large ones mainly 
produce for exporting the goods to different parts of the world. An accelerating trend in exports is 
observed in the last decade reaching to US $ 2,2 billion in 2015 (MoE, 2016). 


One can find LCA studies concerning the furniture industry in literature (Iritani et. al., 2015; Cordella 
and Hidalgo 2016; Kouchaki-Penchah et. al., 2016; Piekarski et. al., 2017; Gonzalez-Garcia et. al., 
2012; Mirabella et. al., 2014). However, Turkish furniture industry is not studied through LCA 
methodology based on country specific data. 


In this context, the objective this study is to compare the environmental impacts of two office-seating 
units through LCA approach. A cradle to grave scope covering the whole life cycle is adopted. 
Inventory data is collected from a large scale Turkish furniture manufacturer. 
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2. MATERIALS AND METHODS 


The scope of LCA is from cradle to grave. Therefore, the system boundary covers raw material 
extraction and pre-processing, transportation, manufacturing, distribution and usage and end of life 
stages. 


The following assumption is made about the end of life stage: 80 % of the product (by mass) is sent 
to a landfill area and the rest is directed to incineration. 


The functional unit is one unit of seating to be used by one individual, maintained for a 10 year period 
of time. 


Global warming potential (GWP), acidification potential (AP), eutrophication potential (EP), 
photochemical ozone creation potential (smog) (POCP) and ozone depletion potential (ODP) are the 
investigated impact categories. 


Data is collected for 12 consecutive months from the actual furniture manufacturing plant. Fabric 
manufacturing and the distribution are not take place in Turkey. 


The LCA study analysis is realized by following the Product Category Rule (PCR) (BIFMA PCR for 
Seating: UNCPC 3811) (NSF, 2018), in accordance with ISO 14040 series standards (ISO, 2006). 


GaBi DB Version 6.115 software system is used for modelling. TRACI 2.1 Impact Categories are 
adopted. 


The energy is allocated by considering the total annual amount of energy consumed in the facility 
during manufacturing of the seating units and the total number of seating units produced. 


During the packaging of the final product 50 staples are assumed to be used. 


The company has no data on the type of trucks used for the transportation of some materials. 
Therefore, 18.4 payload capacity trucks are assumed to be used for this type of transportation. 


Cargo aircrafts are used for transportation to US and Europe. A road transportation of 32 km’s (by 
trucks) is considered for reaching the end of life facilities (as given in US EPA Waste Reduction 
WARM Model) (US EPA 2018). 


3. PRODUCTION OF THE SEATING UNITS AND PRODUCT SPECIFICATIONS 


The investigated office seating units are illustrated in Figure 1. The production flowcharts are given 
in Figure 2. 


Seating unit A has a length of 745 mm and a height of 1127 to 1247 mm. On the other hand, product 
B has a length of 728 mm and a height of 1120 mm. Both of the units are covered with fabric. 


(B) 


Figure 1: Office seating units A and B 
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Quite a similar manufacturing scheme is applied for both of the seating units. As the first step, the 
polyurethane rigid foam base of seating units A and B is subjected to manual sanding to get a smooth 
surface for fixing the upholstery. The cut fabric is sewed and cladded on the foam base. Cut and 
shaped sheet iron are used for various parts of the seating unit such as legs and accessories. Painting 
is applied on legs of seating unit B. Parts are get together in montage step and the packaging is applied. 


Furniture Leg / 


Fabrics Cutting / Mechanism & 


Bg a ne Sanang Sewing & 


Packaging 


by Han Cladding gr vance 
(A) 
; Fabric inti 
Polyurethane sanding : A Sheet Iron Painting : 
by hand aan & Cutting/Shaping Furniture Leg Montage Packaging 
(B) 


Figure 2: Production flowcharts of A and B 


For both of the products cardboard, polypropylene and polyethylene are the used materials for 
packaging. The packaging materials are easily separable. Most of the packaging materials are 
collected, sorted and recycled. 


The wastes arising from the manufacturing of seating unit A and B is textile scraps, packaging 
materials and scraps of iron. Apart from these paint wastes are also generated during the production 
of seating unit B. All these wastes are sent to recycling facilities. 

4. RESULTS 


4.1 Life Cycle Inventory (LCI) 
The data collected per one seating for both of the seating units are presented in Table 1, 2 and 3. 


Table 1: Raw materials for seating unit A and B 


Mass Mass 
Main Materials meat Percentage Main Materials Mass Percentage 
(%) (kg) o 
(%) 
Polyurethane : 7,000 55,10% 
i Polyurethane Seat : 8,686 41,70% 
raca 0430 318% Fabric : 2,628 12,62% 
Mechanisim / Aluminium : 1,200 9,45% Mechanism : 1,917 9,20% 
Gas Cylinder Mechanism : 0,800 6,30% Interlining Fabric : 0,412 1,98% 
Furniture Leg : 2,000 15,74% Fiber : 0,144 0,69% 
Wheel : 1,225 9,64% Furniture Leg : 7,041 33,81% 
TOTAL Weight : 12,705 100% TOTAL Weight : 20,828 100% 
(A) (B) 
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Table 2: Auxiliary materials for seating unit A and B 


Ancillary Materials 


Fastener : 
Adhesive : 
Zipper : 

Cursor in Zipper : 
Label : 


TOTAL Weight : 


(A) 


Mass 
(kg) 


0,080 
0,100 
0,060 
0,004 
0,001 


0,245 


Mass 
Percentage 
(%) 
32,65% 
40,82% 
24,49% 
1,63% 
0,41% 


100% 


Table 3: Packaging materials for seating unit A and B 


Packaging Materials 


Cardboard : 
Nylon Packaging Bag : 
Plastic Packaging Rope : 


TOTAL Weight : 


(A) 


4.2 Environmental Impacts 


Mass 
(kg) 


3,250 
0,195 
0,112 


3,557 


Percentage 


(%) 


91,37% 
5,48% 
3,15% 


100% 


Mass 
Ancillary Materials Mass Percentage 
(kg) (%) 
Steel joint bar : 0,016 4,10% 
Adhesive : 0,100 25,64% 
Zipper : 0,066 16,92% 
Cursor in Zipper : 0,016 4,10% 
Label : 0,001 0,26% 
Nylon : 0,066 16,92% 
Wedge : 0,020 5,13% 
Sheep wool yarn : 0,001 0,26% 
Paint : 0,104 26,67% 
TOTAL Weight : 0,39 100% 
(B) 
Mass 
Packaging Materials Mass Percentage 
(kg) 9 
(%) 
Cardboard : 4,045 96,20% 
Nylon Packaging Bag : 0,048 1,14% 
Plastic Packaging Rope : 0,112 2,66% 
TOTAL Weight : 4,205 100% 
(B) 


The obtained environmental impacts of seating unit A and B are summarized in Table 4. The resource 


use for both of the products are given in Table 5. 


Table 4: Environmental impacts of seating unit A and B 


T 
= E 
È 2 = 
o ° S 
a 
2 or È 
é fe g 
g 59 25 
j = 2 
E E 3 
G ž 
o 
Unit kg CO2 Eq. kg S02 Eq. 
Raw Material 80,67 0,387 
Transportation 2,37 0,008 
Manufacturing 9,78 0,025 
Distribution & 
Usage 5,02 0,015 
End of Life 8,80 0,005 
TOTAL 106,64 0,440 


(A) 


Eutrophication Potential 
[EP] 


kg N Eq. 


0,0512 


0,0006 


0,0054 


0,0012 


0,0020 


0,0604 


Photochemical Ozone Creation 
Potential (Smog) 
[POCP] 


kg O; Eq. 


4,026 


0,212 


0,440 


0,286 


0,080 


5,044 
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Impact Category 


Unit 


Raw Material 


Transportation 


Manufacturing 


Distribution & 
Usage 


End of Life 


TOTAL 


Global Warming Potential 
[GWP] 


Acidification Potential 
[AP] 


kg CO: Eq. kg SO: Eq. 


90,200 
8,180 
10,000 
7,010 


13,700 


129,090 


(B) 


0,645 


0,029 


0,039 


0,048 


0,001 


0,761 


Eutrophication Potential 
[EP] 
Photochemical Ozone 
Creation Potential (Smog) 
[POCP] 


kg N Eq. kg O; Eq. 


0,101 5,860 


0,002 0,829 


0,007 0,522 


0,003 1,010 


0,004 0,090 


0,117 8,310 
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Table 5: Resource use for seating unit A and B 


P: T Unit Product Parameter Unit Product 
Primary En from Nonrenewable Resources iii an Me pa a [MJ] 1760 
Tees eat call Value) [MJ] 1,52 ' 
Primary Energy from Renewable Resources 
[MJ] 412 
Primary —— te leat Resources [MJ] 0,425 (net cal, value) 
Pimanmi Enara demand from Reniand'Non fan: Resines Primary Energy demand from Renewable and Nonrenewable Resources [MJ] 2172 
meee (net cal, value) : [MJ] 1,95 (net cal, value) 
Total Freshwater Use kg] 553 Total Freshwater Use [kg] 154000 


The relative contribution of various phases in life cycle for both of the products are presented in 
Figure 3. 


RELATIVE CONTRIBUTIONS OF HALIA OFFICE CHAIR RELATIVE CONTRIBUTIONS OF ONE UNIT HALIA BERGERE 
100% 9 100% 
ne 6, a — o% 
95% 
saei 12,15' = 
90% 90% 
st 85% 5, Ea % = 
80% 80% 
75% 
75% vm 
70% 70% 
65% 65% 
60% 60% 
55% 55% 
50% s0% 
45% 45% 
40% 40% 
35% 35% 
30% 30% 
s 25% 
20% 20% 
15% 
15% 
10% 
10% 
5% 
5% 
0% 
0% > 
5% GWP AP EP POCP ODP -5% 
ms Raw Material Exdraclion Transportation = Manufacturing = Raw Material Extraction = Transportation = Manufacturing 
= Distribution & Usage End of Life m Distribution & Usage End of Life 


Figure 3: Contribution of various phases for seating unit A and B 


5. DISCUSSION AND CONCLUSIONS 


All the environmental impacts are higher for the seating B. This elevation can be as much as 94 % in 
EP, 73 % in AP, 65 % in POCP and 22 % in GWP. This result indicates the importance of product 
design. 


For both of the seating units, raw material extraction and pre-processing stage is the highest 
contributor to all impact categories. The used aluminum for the mechanic parts and leg, rigid 
polyurethane foam and the textile are the main contributors to this stage in seating A. The impacts 
arise from transportation stage is due to cargo aircraft usage. For both of seating units, impacts due 
to distribution and usage stage are generated because of sending paper wastes to landfills. Waste 
cardboard, nylon and paper used in packaging are the contributors of manufacturing process. While 
the highest impact is generated from sending the obsolete seating units to landfills. 


ACKNOWLEDGMENT 

The authors would like to sincerely thank Koleksiyon Ltd. for their valuable contribution. The 
prominence of this study is supported by Koleksiyon Ltd’s decision to publish all findings 
transparently in the public domain. 


173 


Sustainable architecture, planning and development - Built environment 


References 


1. 


10. 


11. 


12. 


13. 


14. 


15. 


Atmaca, A. (2016) Life cycle assessment and cost analysis of residential buildings in south east 
of Turkey: part 1—review and methodology, The International Journal of Life Cycle 
Assessment, 21:831—846, 2016. 


B. Atilgan and A. Azapagic. (2016) Renewable electricity in Turkey: Life cycle environmental 
impacts, Renewable Energy, 89, 649-657, 2016. 


. E. Ozkan, N. Elginoz and F. Germirli Babuna. (2017) Life cycle assessment of a printed circuit 


board manufacturing plant in Turkey, Environmental Science and Pollution Research, DOI: 
10.1007/s11356-017-0280-z, 2017. 


Gunkaya, Z, Ozdemir, A, Ozkan, A and Banar, M (2016) Environmental Performance of 
Electricity Generation Based on Resources: A Life Cycle Assessment Case Study in Turkey, 
Sustainability, 8(11), Number: 1097, DOI: 10.3390/su811109 


Demirel, N.; Erkayaoglu, (2016) M. Sustainability Comparison of Mining Industries by Life 
Cycle Assessment for Turkey and European Union, 16th International Symposium on 
Environmental Issues and Waste Management in Energy and Mineral Production (SWEMP) / 
International Symposium on Computer Applications (CAMI), Istanbul, Turkey. 


MoE, (2016) Ministry of Economy, Republic of Turkey, Industry— Furniture. 
https://www.economy. gov.tr/portal/content/conn/UCM/uuid/dDocName:EK-021146 


D. R. Iritani, D.A.L.Silva, Y.M.B.Saavedra, P.F.F.Grael, A.R.Ometto, (2015) Sustainable 
strategies analysis through Life Cycle Assessment: a case study in a furniture industry. Journal 
of Cleaner Production, 96(1), Pages 308-318. 


Mauro Cordella, Carme Hidalgo. (2016) Analysis of key environmental areas in the design and 
labelling of furniture products: Application of a screening approach based on a literature review 
of LCA studies. Sustainable Production and Consumption, 8, 64-77. 


H. Kouchaki-Penchah, M. Sharifi, H. Mousazadeh, H. Zarea Hosseinabadi. Life cycle assessment 
of medium-density fiberboard manufacturing process in Islamic Republic of Iran. Journal of 
Cleaner Production, 112:351-358, DOI10.1016/j.jclepro.2015.07.049, 2016. 


C. M. Piekarski, A. Carlos de Francisco, Antonio Carlos de Francisco Leila Mendes da Luz, 
Diogo Aparecido Lopes SilvaDiogo Aparecido Lopes Silva (2017). Life cycle assessment of 
medium-density fiberboard (MDF) manufacturing process in Brazil. Sci Total Environ. 
1;575:103-111. doi: 10.1016/j.scitotenv.2016.10.007, 2017. 


I. Gonzalez-Garcia, Garcia Lozano R, Moreira MT, Gabarrell X, Rieradevall i Pons J, Feijoo G, 
Murphy RJ (2012).Eco-innovation of a wooden childhood furniture set: an example of 
environmental solutions in the wood sector. Sci Total Environ. 426:318-326. doi: 
10.1016/j.scitotenv.2012.03.077, 2012. 


Nadia Mirabella, Valentina Castellani, Serenella Sala. (2014) LCA for assessing environmental 
benefit of eco-design strategies and forest wood short supply chain: a furniture case study. The 
International Journal of Life Cycle Assessment, 19:1536-1550, DOI 10.1007/s11367-014- 
0757-7, 2014 


NSF, 2019. International, National Center for Sustainability Standard (valid through September 
30, 2019) . Product Category Rule for Environmental Product Declarations. BIFMA PCR for 


Seating: UNCPC 3811 Version. https://www.nsf.org/newsroom_pdf/seating pcr-new.pdf 


ISO 14040 (2006) Environmental management -- Life cycle assessment -- Principles and 
framework. https://www.iso.org/standard/37456.html 


US EPA (2018) Waste Reduction WARM Model. https://www.epa.gov/warm 


174 


Protection and restoration of the environment XIV 


REGENERATION AND PLACE-MAKING THROUGH 
HERITAGE: A CASE STUDY FROM A HISTORIC BUILDING IN 
NORTHERN GREECE 


S.M. Bagiouk', E. Sofianou2*, A.S. Bagiouk°, S.S. Bagiouk* 


'3Division of Hydraulics and Environmental Engineering, 
*Division of Transport and Project Management, 
Dept. of Civil Engineering, Aristotle University of Thessaloniki, GR- 54124 Thessaloniki, 
Macedonia, Greece, 
“Dept. of Civil Engineering, Democritus University of Thrace, GR - 67131 Xanthi, Greece 


“Corresponding author: e-mail: sofianou @civil.auth.gr 


Abstract 

Cities are entering a new era underpinned by theoretical notions concerning their role as nodes in a 
global competitive network. Urban areas of historical value are spatial structures that express the 
evolution of the local society and its identity. Urban building stock with its connotative meanings is 
an important part of the city as historical and cultural evidence. Within this framework, urban 
regeneration is encouraged by local authorities to attract people. Rapid transformation of urban 
buildings of historical significance, urban area revival and aesthetic investments are some of the 
regeneration strategies towards revenue-generating potential and more sustainable urban forms. 


Contemporary urban regeneration projects aim to plan creative spaces by reintegrating historic 
complexes and buildings in the city and by creating distinctive urban areas with various functions and 
a sense-of-place. Placemaking is an inherently collaborative and inclusive planning approach 
compared to the envisaged planning model. As a concept it refers to the process of place production 
with the aim to advance the living quality of a space. People are attracted to places which can become 
focal points of economic, social activity and attractiveness including various functions. 


This paper faces an important challenge in the field of urban heritage regeneration towards the 
sustainable city. The paper focuses on a listed building of the rich historical building stock of 
Thessaloniki in Northern Greece, the Branch of the 1%* Secondary School (former Josef Modiano 
Mansion). In particular, through this case study, the paper explores a series of issues associated with 
the rehabilitation of abandoned historical buildings and their reintegration in the modern city through 
placemaking strategies. The ultimate goal is to propose new aspects of urban building upgrade 
through new creative uses and introduce a community based regeneration methodology. 


Keywords: Urban regeneration; cultural heritage; place-making; historical buildings; sustainable city 
1. INTRODUCTION 


Heritage is one of the important elements which create character, identity and image of the city 
concerning the past, present and future. Built cultural heritage is a dominant component and an 
important means of historical, economic and social development. However, technology, demographic 
and economic changes and lack of systematic assessment methodologies for adequate consideration 
of the divergence between sustainable urban development and the protection of cultural heritage, have 
put pressures on the built urban assets. Viable strategies combined with architectural intervention and 
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conservation methods of built heritage are needed for the reintegration of such assets in the city and 
the improvement of living conditions and microclimate. 


Today there is an increasing interest towards more sustainable city forms and local community 
participation in policy making. When a person or group links a space to their own personal 
experiences, cultural values and social meanings, it is transformed into a place for them (Hunziker, 
et al., 2007). The increased participation of citizens is important for the integration of cultural assets 
into urban development strategies. Within this framework the notion of placemaking tends to be used 
to refer to a specific approach to ‘revitalising, planning, designing and managing public spaces’ 
(Stewart, 2010). Placemaking is the process of place production and a collective process of space 
arrangement with the aim to advance the usage and living quality of a space. 


Thessaloniki in Northern Greece presents rich built heritage however, large part of the urban building 
stock remains untapped. In the present paper, the aim is to explore the potentials of heritage revival 
of the Branch of 1* Secondary School through social participation and placemaking. Using empirical 
data from the area and through structured planning methods are investigated the factors that hinder 
or promote sustainable development planning strategies. The aim is to develop a holistic methodology 
to cover the gap between sustainable development and reuse of historical built resources and to assess 
local communities’ performance concerning sustainable strategies for urban regeneration through 
creativity and placemaking strategies. 


2. LINKS BETWEEN SUSTAINABLE DEVELOPMENT AND CULTURAL HERITAGE 
WITHIN THE URBAN CONTEXT 


2.1 Built heritage and urban regeneration 

For a city to be sustainable, economic and social benefits need to be maximized in order to enhance 
living standards as far as the city target is sustainable in terms of environmental limitations and 
socioeconomic equity (Mori & Yamashita, 2015). One of sustainable development’s principals is the 
protection and promotion of heritage and conservation of identity. Each place has a meaning, mostly 
defined by the environment and human activity. Urban areas of historical significance are spatial 
structures that express the evolution of local society and its cultural identity. These areas consist of 
tangible (urban and architectural elements, open air spaces, buildings and landmarks) and intangible 
elements (functions, activities, memories, traditions). They are an integral part of a broader natural 
or manmade context and the two must be considered as inseparable. 


Heritage is referenced in the international agenda for sustainability and for its role in defining the 
distinctiveness of cities and improving their competitiveness. And vice versa urban competitiveness 
regards culture as capital, so it is important to consider heritage as an essential resource of the urban 
ecosystem. Sustainability in the redevelopment of historic city centers is innovative and necessary as 
it contributes to the objectives of environmental reevaluation, economic and social regeneration and 
durable development in the sense of protection of environmental resources for future generations 
(Minetto, et al., 2011). 


Built heritage conservation carries benefits in many areas of the urban environment (Vicente, et al., 
2015), however, the protection and reintegration of architectural heritage into modern urban 
landscape is a complex procedure with many aspects. The continuous degradation of the urban 
environment and the emerging problems caused during the last decades, are the major menace of 
historic centers and monuments. 


The term regeneration includes the sense of transformation, i.e. of a place with specific or mixed uses 
(residential, commercial, educational), that through time and mainly due to lack of political initiatives, 
shows signs of degradation (social, economic and environmental and can affect specific or wider 
areas of the city). Upgrading the built environment, social fabric and urban spaces, contributes to 
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increasing their adoption as places for public congregation and activity, consequently increasing 
social interaction and cohesion between citizens (Elnokaly & Elseragy, 2011). 


2.2 New culture-based urban models 

National governments and European institutions increasingly recognize the value of cultural heritage 
(Tweed & Sutherland, 2007). In modern economies appears the ‘cultural turn’ in the positioning and 
marketing of towns and cities, as a response to the profound implications for how cities work and 
survive (Rodwell, 2013). Cultural resources, amenities, facilities etc, are considered nowadays as 
strategic tools for the new economy. The ability of cities to integrate the conservation of urban 
resources and to monitor impacts of development requires the recognition of heritage values (e.g. 
historic, social, economic) and heritage-designated attributes (tangible and intangible). 


Urban conservation is now considered as a dynamic process within an urban system aimed at 
enhancing cultural values and managing change (United Nations, 2015). Urban regeneration aims to 
renew areas in decline (Bassett, 2013), and this decline could be in the form of physical, social and/or 
economic functions in the urban fabric (Chohan & Ki, 2005). Heritage is a catalyst for sustainable 
urban regeneration and a comprehensive policy for identity conservation by involving the community 
as a partner. Integrating the heritage conservation in the process of urban regeneration can lead a way 
to sustainable development (Chohan & Ki, 2005). 


Cultural infrastructures can become social spaces for interconnection and knowledge of local identity. 
Safeguarding and promoting culture at the local level is a way to develop endogenous resources and 
create conditions for sustainable revenue generation (United Nations, 2015). Furthermore, there are 
many different sites of historical significance and attraction (i.e. archaeological sites, museums, 
architecture and art landmarks, local tradition activities, festivals), that could be included in 
programmes linking history, humanity and tourism. 


3. PLACEMAKING AS A MEANS OF URBAN REGENERATION 


3.1 The notion of placemaking 

The link between heritage as a consumable experience and urban regeneration as an economic 
development activity is potentially attractive, widely exploited, can be assumed to be self-evidently 
symbiotic but conceals the different motivations and aspirations of different stakeholders 
(Pendlebury, 2002). The instrumental use of heritage in regeneration is a global phenomenon, often 
linked into both strategies seeking to develop so-called cultural industries and a process of ‘place- 
making’, a term variously used by urban designers in establishing attractive physical locales as part 
of the backdrop of successful social space and, more critically, to be synonymous with place-branding 
(Pendlebury & Porfyriou, 2017). 


Culture and creativity have increasingly been incorporated into urban strategies aimed at supporting 
the economic vitality of city-regions, and especially the ability of cities to compete for resources in 
the context of globalization and intensified inter-urban competition (Evans, 2009). Placemaking can 
trace its roots back to the seminal works of urban thinkers who, beginning in the 1960s, espoused a 
new way to understand, design and program public spaces by putting people and communities ahead 
of efficiency and aesthetics (Silberberg, et al., 2013). Urban author and visionary Jane Jacobs (as 
cited in Baeker & Millier, 2013) sums up much of the logic of creative placemaking with the phrase: 
“New ideas need old buildings”. 


More recently introduced is the term “creative placemaking” which is decidedly 21* century-esque 
(Salzman & Yerace, 2017). Creative placemaking is a skill that identifies and catalyzes local 
leadership, funding, and other resources. As a bottom-up approach empowers and engages people in 
ways that traditional planning processes do not and draws on the assets and skills of a community, 
rather than on relying solely on professional “experts” (Project for Public Spaces, 2012). Initiatives 
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that are used to shape the social and physical character of a place, including contexts like health, 
transport or education, has become increasingly popular (Oakley, 2015). 


3.2 Urban heritage regeneration through placemaking 

Cities are the places where different people and cultures mix and creativity is the lever for new ideas, 
artefacts and institutions. In the long history of human settlement, public places have reflected the 
needs and cultures of community; the public realm has long been the connective tissue that binds 
communities together (Silberberg et al., 2013). For cities seeking to enhance their competitive 
position, the use of heritage as a driver for economic growth is now an established feature of the 
policy agenda. In addition to generating income and employment, their tendency to cluster within 
rundown inner city districts often provides opportunities for area revitalization and regeneration 
(Bayliss, 2007). 


Placemaking is the process of creating quality places that people want to live, work, play and learn in 
(Wyckoff, 2014). Successful placemaking initiatives create places active, interesting, visually 
attractive, often with public art and creative activities, people-friendly, safe, and walkable with mixed 
uses. Placemaking serves livability and social cohesion through heightened public safety, local 
identity and environmental protection initiatives. It results in a place where the community feels 
ownership and engagement, and where design serves function. 


Placemaking embodies the common sense approach that guided how most historic places were 
created, as people worked together over decades to create buildings, streets and public spaces that 
would fulfill social, economic and political needs in their communities. Placemaking helps expand 
the impact of preservation projects, as preserving historical places protects them from physical 
destruction, but also, by embracing a community-oriented vision that draws upon local knowledge 
and assets, preservationists can create places of long-lasting value (Project for Public Spaces, 2010). 


The placemaking process is defined by the recognition that when it comes to public spaces, the 
community is the expert and follows that strong local partnerships are essential to the process of 
creating dynamic, healthy public spaces that serve citizens. Many creative placemaking efforts 
address specific neighborhoods, including downtowns and residential and industrial areas that offer 
under-utilized private and public capacity ripe for human ingenuity (Markusen & Gadwa, 2010). 


Placemaking projects celebrate history and distinctive culture, add layers of meanings and create a 
common vision for the community (Redaelli, 2018). They also generate economic returns in multiple 
ways as cultural investments help a locality capture a higher share of local expenditures from income. 
Furthermore, instead of traveling elsewhere for entertainment and culture, residents spend more on 
local venues, money that re-circulates at a higher rate in the local economy. Another potential benefit 
is the higher project value, as uniqueness of a place and innovative mixed-use project design may 
establish premium value. As well as enhanced branding and market recognition feature as new 
opportunities than the outcomes of budgeted marketing activities (Hardy, 2016). 


Creative placemaking animates public and private spaces, rejuvenates structures and streetscapes, 
improves local businesses viability and public safety, and brings diverse people together to celebrate, 
inspire, and be inspired (Markusen & Gadwa, 2010). As far as it concerns the building stock, the 
physical atmosphere of historic buildings contributes to placemaking at the site scale. Retaining 
original features of the buildings serves as a physical reminder of what the building once was, making 
the space unique in comparison to newly constructed spaces (Chan, 2011). 


Restoration and rehabilitation of traditional buildings can favor the accommodation of various uses. 
By using vacant and underutilized land, buildings and infrastructure, investments increase their 
contribution to the public good and private sector productivity. Sales, income and property tax 
revenues paid to local governments, rise enabling better maintenance and additions to public 
infrastructure. Also, additional jobs and incomes are generated in construction, retail businesses, and 
arts and cultural production (Markusen & Gadwa, 2010). 
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4. REGENERATION OF INNER-CITY AREAS: THE CASE OF THE 157 SECONDARY 
SCHOOL BRANCH (FORMER JOSEF MODIANO MANSION) 


Thessaloniki is a 2300-year-old city and a contemporary metropolitan center of Northern Greece. 
Thessaloniki started to grow as a commercial and geopolitical node of multicultural character. The 
city’s traditional structure lost its oriental character and gradually became Europeanized. Today, the 
metropolitan area of Thessaloniki looks like a puzzle of varied uses and a mixture of irregular 
elements. However, within the densely built centre can still be found unique tangible and intangible 
cultural resources. There are numerous historic monuments many of them still untapped, traditional 
buildings representing folk architecture, modern landmarks and open air spaces of significant value. 
There are also exquisite neoclassical buildings, most of them built as residences of the wealthy society 
during the late 19" century. 


The study area provides opportunities for urban revival as a significant historical and cultural asset 
within the modern urban fabric. It is a place of traditions, cultures, specific activities, which can be 
preserved and enhanced, through actions for sustainability. The neoclassical buildings found in the 
dense urban fabric of this central study area are the main architectural assets that may be regenerated 
and rehabilitated towards sustainable patterns. The majority of them are characterized by small, 
usually two-storey residences often with a private open space. In some cases the streets are very 
narrow prohibiting physical solar access and ventilation. Some buildings have been restored and 
house municipal facilities and services, for instance, educational buildings, or they are used for 
recreation, leisure and service facilities. The reuse of buildings is a solution to avoid constructing new 
buildings in the constricted urban built space. Furthermore, the building-monument may be involved 
in a perpetual dialogue with the space and the visitor. 


4.1 Aims of the present research 

As mentioned above, the paper focuses on a historical building, which for many years remained 
abandoned. The case study building is located in the eastern extend of Thessaloniki’s city centre, an 
area with rich historical and architectural assets. The building’s restoration project was conducted by 
Angelos Vacalopoulos’ architectural firm for the Region of Central Macedonia. The architects and 
planners of the team were: A. Vacalopoulos, St. Koukopoulos, A. Mitropoulos, G. Papadimitriou, A. 
Stergiannis. S. Bagiouk and Z. Al Saayyah, associate architects and A. Manousi-Vacalopoulou and 
K. Stylianidis, engineers — consultants. Especially in the second phase of the restoration project and 
more specifically, the internal décor restoration study — which was a great task for this project — the 
team joined St. Papanikolaou, A. Fostiridou and D. Kapizonis, conservators of antiquities and works 
of art. 


Part of this project conducted by Vacalopoulos and Associates Architectural firm in the early 2000’s 
is analysed below, giving a sign of the extended survey and sustainable methods of regeneration 
proposed, which can be adapted in other building rehabilitation cases. The information provided in 
this paper, as well as the underlying material (plans and photographs) are from the personal archive 
of A. Vacalopoulos and S. Bagiouk. Within this framework, the present paper focuses on this project 
to provide guidelines for other rehabilitation projects for cultural or educational uses and help local 
communities create a dialogue with the buildings and their history. 


4.2 Brief historical overview of the case study building 

Based on the technical report of the building’s current situation analysis, conducted by Angelos 
Vacalopoulos, Samir Bagiouk and Zahi Al Saayyah, in 1899, in the location Tzanlik of the eastern 
side, Josef Isaak Modiano bought an area of 3.040sq.m. at 48 ‘Allatini Degirmeni’ (Allatini Mill) 
street, today 5 Vas. Olgas avenue. At the beginning, Modiano built a sericulture mill and later his 
residence to house his family coming from Italy. Modiano and Allatini family created the most 
important commercial Houses of Thessaloniki, including cereal, silk, cocoon, textile commerce etc. 
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After his death the building became property of this family. His son Jiomtov Josef Modiano, bought 
his mother’s and sister’s shares. In 1931 sold his share to at commerce man Jacob I. Molho, which 
past after his death in 1940 to his wife and daughters. The rest 70% which remained at the Modiano 
family, was obtained after the World War II by the close relatives of the Modiano family. 


Later on, the property was committed by the Greek State and more specifically, its’ operation was 
managed by the Exchangeable Holdings Service. At this time it housed 22 families and individuals. 
In the period 1946-58 at the residence lived 15 families and 6 more at the factory. In 1960, part of the 
property was transferred to the Ministry of Education and Religion in order to operate as the Branch 
of the 1* Secondary School. In 1984, the Departmental Fund (successor of the School Building 
Organisation) bought 18% and the for joint State’s share (Exchangeable Holdings Service, Land 
Registry, School Building Organisation), became 90,7% of the total property. 


4.3 Main tasks of the building regeneration project 

The plot is located in a densely built area, dual-aspect between the Vas. Olgas and Spartis streets, 
covering a total area of 3484,41 sq.m. The study building is listed and it houses educational uses. At 
the west side of the plot the former 1* Male Secondary School was restored in 1990 and today it 
operates a Secondary School, the small building (part of the former silk mill), gymnasium hall, and 
the Branch of the school, abandoned building since 1978 and in bad condition. The buildings and 
their surrounding space, were listed as protected by the Ministry of Environment. 


The higher level from the Vas. Olgas part, the high pines, the old hoardings constitute with the 
buildings, an exquisite ensemble for the area’s environment with a strong historical identity, as an 
important pole of attraction. The building extends on three levels and despite the damages, large parts 
of its’ structure and form was preserved. Within the framework of the building’s regeneration and 
rehabilitation with educational uses, the regeneration project focused on the reinforcement of the 
bearing structure, its’ functional reintegration into the modern city and highlighting of its rich 
architectural mouldings, which were of historical significance. 


The study focuses on the restoration of the Branch and its rehabilitation as an educational building. 
The study’s goal is to investigate the potentials created after the building’s regeneration and the 
dialogue created between the 100 year-old construction and the local society. The presented 
methodology’s main aim was to serve as a tool for guiding urban planning and intervention, with 
particular importance from the building rehabilitation point of view for buildings in urban and 
historical centres, and also in the definition of maintenance priorities. There was no standard model, 
but general principles and major steps, so this methodology needs to be adapted in different urban 
characteristics and features. It intended to present an important contribution to urban strategies in the 
extent of rehabilitation of the buildings of old historical city centres, with the sense of creativeness 
and culture. 


At the first stage, an analytical survey of the current situation about the building and the wider area 
was conducted, using mostly historical testimonies and plans, and on site survey. The preliminary 
report was the main product of this stage including the technical reports and plans of the current 
situation, the building’s condition and a risk assessment. Through this analysis, a qualitative and 
quantitative characterization of several elements and aspects of the building were recorded (second 
stage). These two initial stages were the basis of the process, in order to acknowledge all variables 
and sensibilities involved. 
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Picture 1: Topographic plan of the plot and its’ buildings (Vacalopoulos et al., 2000). 


The main aim of the project was the regeneration of this cultural asset and reintegration into the urban 
fabric, as a node of social expression and interaction. The third stage proposes uses focused mainly 
on educational but also, on other cultural and leisure activities with respect to the building and the 
wider area. All the information, observed and recorded for the building and the neighborhood in the 
formed database, is a tool to promote the development of future rehabilitation projects, in point 
interventions or in a larger scale (city block projects). 
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Picture 2: The building before its restoration (Vacalopoulos et al., 2000). 

According to the needs of contemporary planning based on creativity and placemaking, vacant 
buildings are proposed to house uses connected to education and arts in order to create a dialogue 
between the building and the local society. Taking into consideration creativity principals and the 
building’s history, typology, size and structure of spaces, its main phases and the surrounding area’ s 
characteristics, was proposed the reconstruction and rehabilitation of the building as a multifunctional 
educational space with respect to its historical character. The main aim was to promote a regenerated 
space for education and creativity. 
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Among the main uses proposed by the project are classrooms, creative spaces for educational needs, 
and potentials of education through new technologies. Among the project’s main goals were the 
restoration and highlighting of the rich architectural décor, the reconstruction through environmental 
planning methods and the provision for people with special needs. The ultimate goal was to 
reintegrate this historical building into the urban fabric and create a space of education accessible to 
the local community and getting in touch with the local history. 
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Picture 3: The buil ing after the restoration programm (authors’ archive). 
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Picture 5: Restoration of the magnificent ceilings was a main goal of the project (authors’ 
archive). 


According to the building’s restructuring programme, the proposed uses by floor include: 


e 1* floor: Principal’s office, educational offices, parent’s association office, auxiliary spaces. 
Ground floor (main educational spaces): four classrooms, teacher’s office, central and secondary 
staircases. 

e Underground level (main educational spaces): classrooms of informatics, classroom of 
technology, teacher’s office, pupils’ space, storage, staircases. 


Special attention was paid to the restoration of the building’s décor as an element of historical and 
architectural significance. The damage of the floors and the collapse of parts of the roof causing 
detachment of parts of the ceilings, were key elements of the restoration programme. In addition, 
interventions of environmental character were another important goal of the project. The ensure of 
enough solar access and physical ventilation was obtained through detailed planning and choice of 
adequate materials and frames. 


182 


Protection and restoration of the environment XIV 


5. FURTHER DISCUSSION AND CONCLUSIONS 


Creative placemaking is a geographically targeted urban revitalization strategy (Forman & Creighton, 
2012). Evidence has demonstrated that creative placemaking has resulted in a wide range of positive 
outcomes, including strengthening networks and building social capital and community capacity, 
among others (Baeker & Millier, 2013). Building on uniqueness of place and community practices is 
a strong predictor of success (Markusen & Gadwa, 2010). 


Governments have developed programs to fund arts, education, turn vacant properties into 
community cultural centers, and stimulate interest in local heritage and culture (Kratke, 2011). 
Thessaloniki’s urban fabric and the structure of buildings demand skills on appropriate traditional 
refurbishment and restoration methods that are crucial for upgrading the area. Moreover, the city’s 
rich cultural built heritage should prioritize the marriage of building regeneration with local 
community and economy. The restoration and rehabilitation of historic buildings is not only an 
important end in its own right. Each building can provide a stimulus and focal point for regeneration 
schemes creating more jobs. 


The regeneration of the Secondary School Branch (of educational and creativity uses), was an 
innovative project. The main aim of the project was to create a space of education and interaction 
with respect to the building’s history and typology, as well as to local identity. As an example of 
inner-city regeneration using sustainable planning methods, the main scope was to promote the city’s 
tradition and citizen participation and to create a local and regional node of heritage. 


The architects and planners created a new space for education enhancing the architectural character 
of the building and bringing together local community with its’ history. The project puts heritage at 
the heart of placemaking as it shows that this historic building provides a focal point for vibrant 
development by finding a long-term use within the context of a successful commercial and 
community development. The visitors can move in a space that is their everyday life environment 
and act as researchers, collaborators, and facilitators. People of all ages can use this new space and 
develop educational activities or other artistic activities. 


The surrounding space of the building was upgraded and became a beautiful garden and an open air 
space within the dense urban fabric. Moreover, the revival of the space provides now a sense of safety 
to the neighbors, as it has wed out any ‘intruders’, who entered into the abandoned building and with 
the new lighting of its open space, especially at night. 


Also, the secure rehabilitation of the building through the reconstruction and reinforcement of the 
load-bearing structure is an important benefit. The building was vacant for many years, becoming a 
dark hole for the neighborhood. After its’ restoration the building opened its doors to the public, 
enhancing the building’s history and architectural character. All the interventions were formed to 
integrate to the building’s current structure with respect to its historical character and according to 
the legal framework of listed buildings’ protection. 


Furthermore, retaining original features of the buildings serves as a physical reminder of what the 
building once was, making the space unique in comparison to newly constructed spaces. In this case, 
the past comes alive for kids in the new classrooms, as they get in touch with the building’s and the 
city’s history on a daily basis. The form of the suggested revival project is designed to be implemented 
in various heritage regeneration cases. The project’s results demonstrate the power of regeneration 
projects to bring communities together with their heritage and identity through educational uses. 


The aim of this paper is to highlight the benefits of this regeneration project, as a paradigm for new 
aspects of building upgrade through creative uses and introduces a community based regeneration 
example through strengthening public participation and increasing local residents’ sense of belonging. 
The investigation of this project shows the way in which place-based cultural policy paradigms are 
based on a conceptual shift in the regeneration of vacant and abandoned buildings and the 
establishment of uses for the public promoting arts, education, cultural activities. 
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Abstract 

Environmental awareness, for issues like climate change, is on top of the list with the concerns, 
humanity is facing. We are being exposed to a gigantic number of environmental messages but still 
we haven’t reached the optimum level of environmental sensitivity. 


Most of the climate change awareness campaigns use fearful stimuli such as scary titles, and images 
of catastrophes and uncertain futures. That kind of campaigns create emotions like fear, anxiety and 
worry to the public. That’s an explanation why lots of people ignore climate change and deny its 
importance. According to various researches, humor can boost successfully educational and 
communication processes at stake. Participants being confronted with pleasant approaches have 
responded positively to the new information and their intention to retain longer their behavioral 
change has been recorded. 


Through a quality process, this study aims to study the importance of humor, and how it can be used 
in climate change awareness campaigns in a way that will influence public’s attitudes and behavior, 
so that a positive response will be created. 


Keywords: Climate change, Humor, Environmental awareness, Environmental communication 
1. INTRODUCTION 


Climate change and global warming are a growing problem in the world at this present time and the 
future as well (IPCC, 2007). The first legally binding national commitment to greenhouse gas (GHG) 
emissions reduction was through the Kyoto Protocol, adopted in 1997 and entered into force in 2005 
(O’Neill and Nicholson-Cole, 2009). However, in 2007, the Intergovernmental Panel on Climate 
Change suggests that actions are quickly needed to reduce global climate change (IPCC, 2007). The 
human cause of global climate change has been identified as increasing levels of greenhouse gases: 
for example, carbon dioxide (CO2) emitted by burning fossil fuels for transport and heating; and 
methane emitted by cattle raised for the meat industry (Parant et al., 2017). Within the European 
Union (EU), a target has been set to reduce greenhouse gases by at least 20% by 2020 compared with 
the 1990 level (European Commission, 2011). The Intergovernmental Panel on Climate Change 
stated in its most recent report that warming of the climate system is “unequivocal (IPCC, 2007). 
Impacts of climate change are projected to be many and varied, ranging from changes in ecosystems 
(e.g., LeemansandEickhout, 2004), to impacts on human systems such as water resources (Arnell, 
1999), to potential forced human migrations (e.g.,Barnett andAdger,2003), to widespread 
acidification of the oceans (e.g., Caldeira and Wickett, 2003), to insurance and reinsurance difficulties 
(e.g., Munich Re, 2004). Both mitigation and adaptation are needed to appropriately manage the 
challenge of climate change (O’ Neill and Nicholson-Cole, 2009) and global efforts have so far tended 
to concentrate on the mitigation of GHG emissions (O’Neill and Nicholson-Cole, 2009). 
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Nowadays, many environmental campaigns appear to be based on the presumption that people need 
more information to behave pro-environmentally (Howell, 2014). In recent years, governments, 
nongovernmental organizations, and individuals have all been involved in creating “climate change 
communications” aimed at changing public attitudes and behavior related to climate change. These 
include leaflets and flyers, billboard, press and television advertisements, movies, and publications 
of many kinds are disseminated to the population (Parant et al. 2017). 


Also, there is a growing consensus that we must engage publics in scientific dialogue (House of 
Lords, 2000). Scientists are increasingly expected to become prominent actors in communicating 
science to the lay public (Bentley and Kyvik, 2011; Dudo, 2012; Trench and Miller, 2012).One of the 
reasons this need arises is based on the fact that scientific knowledge is at the core of many of the 
issues that society faces today (Poliakoff and Webb, 2007). However, the approach in terms of 
“information-deficit” has been widely criticized as being inadequate to promote behavioral change 
(Kellstedt, Zahran and Vedlitz, 2008; Ockwell, Whitmarsh, and O’Neill, 2009; Schultz, 
2002).Organizations such as Futerra (2005) and the Institute for Public Policy Research (Ereaut and 
Segnit, 2006), and academics such as Kloeckner (2011),Pooley and O’Connor (2000), and Moser 
(2007) advise that environmental messages should appeal to the emotions rather than simply 
providing factual information, to be more engaging. 


1.1 Fear is no productive 

Climate change communications frequently use disaster framing to create a fear appeal intended to 
motivate mitigation action (Howell, 2014). Fear appeals in climate change are prevalent in the public 
domain, with the language of alarmism appearing in many guises (O’Neill and Nicholson-Cole, 
2009). The literature that does exist suggests that using fearful representations of climate change may 
be counterproductive (Moser and Dilling, 2004). Current climate change discourses are often 
characterized by fear and catastrophe narratives (Doulton and Brown, 2009; Hulme, 2008). 


For example, the U.K. government talks of “dangerous climate change” (Conference on Dangerous 
Climate Change, 2005), the media of a “climate of fear” (Bonnici, 2007) and NGOs of “climate 
chaos” (Stop Climate Chaos,a U.K. coalition for action on climate change). Even so, Ereaut and 
Segnit (2006) state that the alarmist climate repertoire is characterized by an inflated or extreme 
lexicon, with an urgent tone: It is a terrible, immense, and apocalyptic problem, beyond human 
control. They find alarmist climate messages employ narratives of doom, death, judgment, and heaven 
and hell (Ereaut and Segnit, 2006). Fear is also strongly apparent in the kinds of imagery used in 
association with climate change more broadly (O’Neill and Nicholson-Cole, 2009). The U.K. Green 
Party used an image of a catastrophically flooded and drowned “British Isle [sic]” to campaign in the 
2005 national elections (Wootton, 2005). Images of polar bears stranded on ice floes have become 
iconic of climate change (O’Neill, 2008), and those depicting human struggle are evident in the 
famine and water shortages depicted in the climate campaign literature of charity Christian Aid 
(2008). 


The mediation of fear messages is illustrated in Hulme (2007). The researcher conducted a study into 
the coverage of the IPCC Working Group I report in 10 major U.K. national newspapers. Only one 
newspaper did not run a story on the IPCC report. The other nine, all ran articles introducing the 
adjectives catastrophic, shocking, terrifying, or devastating. Yet none of these words were present in 
the original IPCC document. Weingart, Engels, and Pansegray (2000) offer some explanation that 
newsworthiness increases if identifiable events can be linked to a threat to human life, and in order 
to do this levels of alarm are often magnified (Joffe, 1999). Accordingly, some authors report that 
climate change is most commonly communicated in the media in the context of dramatic 
climaterelated events (e.g., Carvalho and Burgess, 2005). 


Furthermore, in their research O’Neill and Nicholson-Cole (2009) argued that “fearful” and 
“shocking” representations of climate change are “likely to distance or disengage individuals from 
climate change, tending to render them feeling helpless and overwhelmed when they try to 
comprehend their own relationship with the issue”. However, they can also act to distance and 
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disempower individuals in terms of their sense of personal engagement with the issue (O’Neill and 
Nicholson-Cole, 2009). This research has shown that dramatic, sensational, fearful, shocking, and 
other climate change representations of a similar ilk can successfully capture people’s attention to the 
issue of climate change and drive a general sense of the importance of the issue. 


Although shocking, catastrophic, and large-scale representations of the impacts of climate change 
may well act as an initial hook for people’s attention and concern, they clearly do not motivate a sense 
of personal engagement with the issue and indeed may act to trigger barriers to engagement such as 
denial and others (Lorenzoni et al., 2007; O’Neill and Nicholson-Cole, 2009). All of these which 
presented here certainly demonstrate that on a standalone basis fear, shock, or sensationalism may 
promote verbal expressions and general feelings of concern but that they overwhelmingly have a 
“negative” impact on active engagement with climate change (O’Neill and Nicholson-Cole, 2009). 


The “wicked” nature of climate change makes it, for many people, an impersonal and distant issue 
(Lorenzoni et al., 2006). A further consequence of long-term reliance on fear appeals, as stated by 
Hastings et al. (2004), is that it is possible that a law of diminishing returns may exist. If this exists, 
fear approaches need to be made more intense as time goes by because of repeated exposure to 
threatening information in order to produce the same impact on individuals.Linville and Fischer’s 
(1991) “finite pool of worry” effect is also worthy of note here. 


An ill-considered fear approach may damage (or further damage) the reputation of the communicating 
organization and the ability of that organization to attempt further engagement approaches. This is 
key when considering the need for sustained and consistent messages to communicate climate risks 
(Futerra, 2005). The continued use of fear messages can lead to one of two psychological functions. 
The first is to control the external danger, the second to control the internal fear (Moser and Dilling, 
2004). If the external danger—in this case, the impacts of climate change—cannot be controlled (or 
is not perceived to be controllable), then individuals will attempt to control the internal fear. These 
internal fear controls, such as issue denial and apathy, can represent barriers to meaningful 
engagement. 


Lorenzoni et al. (2007) divide the barriers to engagement with climate change, into two types, 
individual-level and social-level barriers. Of particular consequence for this discussion of fear appeals 
are the barriers acting individually to inhibit engagement with climate change. Although hoping that 
climate change would not affect them, three participants in the imagery study specifically noted that 
thinking about climate change made them feel so scared and depressed that they purposefully did not 
think about it. Fear appeals may act to increase this response, leading to denial of the problem and 
disengagement with the whole issue in an attempt to avoid the discomfort of contending with it 
(O’Neill and Nicholson-Cole, 2009). 


1.2 Humor versus fear 

Using humor in environmental communication can help communicators avoid overwhelming 
audiences with feelings of fear, helplessness, and guilt, which may otherwise discourage them from 
taking action against climate change (O’Neill and Nicholson-Cole, 2009). Similarly, Howell (2014) 
states that fear appeals about climate change need to be combined with discussion of how to avoid 
the threat in order not to trigger maladaptive defensive responses. Fear appeals need to be combined 
with high-efficacy messages (useful information about how to avoid the threat) in order not to trigger 
maladaptive defensive responses (Lewis, Watson and White, 2010; Moser, 2007). However, O’ Neill 
and Nicholson-Cole (2009) found that fear-based climate change representations do not motivate 
personal engagement with the issue, while Spence and Pidgeon (2010) found that positive framing 
produced attitudes toward climate change mitigation that were significantly more positive than those 
produced by loss frames. Morton, Rabinovich, Marshall, and Bretschneider (2011) found that positive 
framing combined with higher uncertainty about outcomes increased individuals’ intentions to 
mitigate climate change, compared with negative framing. 
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In a meta-analysis on the use of fear appeal in health prevention, Peters, Ruiter, and Kok (2013) 
confirm the link between threat and efficacy in initiating positive behaviors. However, they underline 
that “a potent efficacyenhancing element” is required in the intervention to increase positive outcomes 
(Peters et al., 2013; Parant et al., 2017). In a binding communication paradigm, it is possible to reduce 
the potential drawbacks from fear appeals when the preparatory act includes solutions for the issue at 
hand (Parant et al., 2017). Even if movies are able to present information and have been shown to 
engage their audience emotionally, our data suggest that fear appeal-based movies could be inefficient 
if not accompanied by concrete solutions (Parant et al., 2017). 


2. METHODOLOGY 


Through a qualityassessment process, this study aims to emphasize the importance of humor, and 
point out how it can be used in climate change awareness campaigns, in a way that will influence 
public’s attitudes and behavior to a positive response. Also, this study examines if stand-up comedy 
is a successful alternative way to communicate about climate change through raising environmental 
awareness. 


3. HUMOR: ANALTERNATIVE WAY IN CLIMATE CHANGE COMMUNICATION 


Although the definitions of humor vary, there is widespread agreement among scholars that humor 
involves the communication of multiple, incongruous meanings that are amusing in some manner 
(Martin, 2007). Humor is not a common tool scientists use to communicate, but there are nevertheless 
several examples of comedy in scientific academia (Pinto et al, 2015). Humor is sometimes argued 
to be an effective way of communicating science (Bultitude, 2011). Also, it requires a coordinated 
network of responses involved in generating expectations and associations, perceiving incongruities, 
and revising these expectations, resulting in affective and expressive responses of mirth and laughter 
(Robert et al., 2011). 


In evaluating over 40 years of research on humor and education, general conclusions about the effects 
of instructional humor as well as directions for future research can be reached (Banas et al., 2011). 
The use of humor is a prevalent communication behavior in pedagogical settings and serves different 
purposes. On Banas et al. (2011) research, the clearest findings regarding humor and education 
concern the use of humor to create learning environment. The use of positive, nonaggressive humor 
has been associated with a more interesting and relaxed learning environment, higher instructor 
evaluations, greater perceived motivation to learn, and enjoyment of the course. Conversely, the use 
of negative or aggressive humor aimed at students has been associated with many of the opposite 
outcomes, including a more anxious and uncomfortable learning environment, lower evaluations of 
instructors, increased student distraction and less enjoyment of class (Banas et al., 2011). 


3.1 Satire 
Satire uses humor as a weapon, attacking ideas, behaviors, institutions, or individuals by encouraging 
us to laugh at them (Bore and Reid, 2014). It may be gentle or hostile, clear-cut or ambiguous, aimed 


at “us” or “them” - or it may oscillate between different approaches, remaining flexible and surprising 
(Bore and Reid, 2014). 


First, satire can facilitate audience reflection, investigation, and action (Bore and Reid, 2014). Second, 
the use of humor can help audiences manage feelings of fear, helplessness, and guilt, which may 
otherwise prevent them from taking action (Bore and Reid, 2014). However, as Herr (2007) notes, a 
key critical dilemma associated with theatrical satire is the belief that “the presence of human actors 
on stage fosters sympathy”. While such sympathy can help the satirist by encouraging audience 
members to recognize themselves in the characters’ portrayed, it also undermines “the possibility of 
sardonic detachment.” Herr suggests that this conundrum is often resolved “by tempering the 
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bitterness of the attack.” He describes it as “instructing through laughter rather than punishing through 
scorn”. 


As Spicer (2011) notes, “Satire is a slippery customer. It weaves in and out of reality and makes itself 
accessible enough for the instantaneous laughter while it is just tricky enough not to be pinned down. 
Also, Bore and Reid (2014) claim that the first key benefit associated with the use of satire on climate 
change communication is that the satirical mode can promote active engagement with climate change 
by encouraging reflection, investigation, and action. The second significant benefit associated with 
the use of satire on climate change communication is that a humorous tone can help promoting a 
positive engagement with climate change (Bore and Reid, 2014). 


While satire can encourage positive engagement with climate change, communicators need to take 
measures to avoid confining their engagement with climate change issues to the realm of humor, so 
that they can make productive proposals to climate change debates (Bore and Reid, 2014).While the 
distinction between the realm of humor and the realm of seriousness is analytical and it is clearly 
possible to make fun of climate change while remaining committed to taking action against it, it is 
important that the use of humorous distance does not discourage citizens’ action (Bore and Reid, 
2014). Nisbet and Scheufele (2009) have called for further research “on the potential for using this 
style of humor [satire] as a tool for public engagement on science”. They believe that satire could be 
developed as a tool to make science more accessible for nonelite audiences, particularly young 
people. 


3.2 Stand-Up Comedy 

Among the different genres of humour, stand-up comedy is one of its most recent forms and can be 
described as a performer standing on a stage and speaking to an audience with main purpose making 
people laugh (Pinto et al, 2015). However, some comedians can seek a reaction that is not necessarily 
laughter, but instead invites the audience to think about certain issues (McCarron and Savin-Baden, 
2008). The performances are composed of a succession of funny stories, one-liners or short jokes, 
and anecdotes, in which each “bit” usually has a set-up (that establishes the context of the joke and 
introduces necessary background of information to prepare the audience for the punchline, which is 
the joke about that subject (Greenbaum, 1999; Schwarz, 2010). 


The application of stand-up comedy to science communication is still uncommon but has been 
gaining momentum in recent years in the United States of America and the United Kingdom (Pinto 
et al, 2015). Probably the most well-known example is the US former scientist Brian Malow (self- 
proclaimed Earth’s Premier Science Comedian), who develops several activities as a science 
communicator, not only acting in comedy clubs, conferences and other venues, but also teaching other 
scientists to better express themselves through the use of comedy (Malow, 2010; Pilcher, 2010). Other 
examples include US biologist Tim Lee (Chang, 2009), with performances that are usually a parody 
of science seminars, and the UK mathematician Matt Parker, who does stand-up comedy in clubs, 
science and comedy festivals, as well as presentations about mathematics in schools (Parker, 2013). 
Other professional comedians such as Ricky Gervais and Tim Minchin have also adopted themes 
concerning science in recent years, which is indicative that this humor format has the potential to be 
used in science communication (Gunderson, 2006; Chang, 2009; Pilcher, 2010). 


In their research with students, Robert et al. (2011) investigated neural activation underlying humor 
specifically as it applies to a naturalistic, dynamic social interaction, addressing the puzzling lack of 
evidence for mesolimbic responses using such dynamic stimuli. The study examined the neural 
activation associated with watching stand-up comedians, specifically contrasting high- and low- 
amusing skits of the same comedians, as selected based on prating made by a sample of raters from 
the same student population. Although stand-up comedy is certainly still a performance art, it 
simulates the joke-telling experience in everyday life, where one person surrounded by others 
captures the attention of the group and delivers the necessary cognitive structure and elements to 
produce a mirth response and receive the social capital that comes with it(Robert et al., 2011). This 
may be the case because when instructors enact successful humor, their students enjoy their 
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educational experiences and learn more (Booth-Butterfield and Wanzer, 2010; Chesebro and Wanzer, 
2006). 


4. DISCUSSIONAND CONCLUSIONS 


Global issues, like climate change is a growing problem, which concerns everyone about a sustainable 
future. But communication and education about climate change are on the topic last years, such as 
directly and interactive tools. Developing ways of communicating complex messages and 
implementing science-policy interface mechanisms are not ends in themselves. Collating, interpreting 
and disseminating information on climate impacts has as a long-term goal to wisely use scientific 
information in policy and decision-making in order to plan and manage communities accordingly 
(Skanavis et al., 2018). 


Through humor in environmental communication, communicators avoid overwhelming audiences 
with feelings of fear, helplessness, and guilt, which may otherwise discourage them from taking 
action against climate change (O’Neill and Nicholson-Cole, 2009). The reward is a central 
mechanism of humor, motivating a process of debugging inferential errors in our comprehension of 
the world that is essential for smooth cognitive functioning (Hurley, Dennett, and Adams, 2011). 
Humor can thus serve as a means of assessing the shared underlying knowledge, attitudes, and 
preferences of others and “works, in a sense, as a mind reading spot-check, ‘pinging’ various minds 
in the environment and discovering those which are most compatible” (Flamson and Barrett, 2008). 
This confirms that climate change communicators need humor as a good vehicle for awareness. 


Professional comedians have adopted themes concerning science in recent years, which is indicative 
that this humor format has the potential to be used in science communication (Gunderson, 2006; 
Chang, 2009; Pilcher, 2010). Comedians can seek a reaction that is not necessarily laughter, but 
instead invites the audience to think about certain issues (McCarron and Savin-Baden, 2008). The 
application of stand-up comedy to science communication is still uncommon but has been gaining 
momentum in recent years in the United States of America and the United Kingdom (Pinto et al, 
2015). 


Although stand-up comedy is certainly still a performance art, it simulates the joke-telling experience 
in everyday life, where one person surrounded by others captures the attention of the group and 
delivers the necessary cognitive structure and elements to produce a mirth response and receive the 
social capital that comes with it (Robert et al., 2011). This may be the case because when instructors 
enact successful humor, their students enjoy their educational experiences and learn more (Booth- 
Butterfield and Wanzer, 2010; Chesebro and Wanzer, 2006). The use of humor is a prevalent 
communication behavior in pedagogical settings and serves different purposes (Banas et al., 2011). 


The clearest findings regarding humor and education concern the use of humor to create a learning 
environment. The use of positive, nonaggressive humor has been associated with a more interesting 
and relaxed learning environment, higher instructor evaluations, greater perceived motivation to 
learn, and enjoyment of the course (Banas et al., 2011). Specifically, instructor’s humor increases 
student performance on exams, especially on knowledge and comprehension items (Hackathorn, 
Garczynski, Blankmeyer, Tennial, and Solomon, 2011), recall of information (Garner, 2006), and 
final examination scores (Ziv, 1988). Humor, therefore, guarantees or makes highly likely that 
specific, hidden knowledge was necessary to produce the humorous utterance, and that the same 
knowledge is present in anyone who understands the humor (Flamson and Barrett, 2008). Similarly, 
Martin (2007) argued that the positive emotions aroused by instructional humor may become 
associated with learning. 
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Abstract 

In Greece, the Port of Skyros Island has established an environmental campaign in its area, which is 
running for the last three years. The name of the above campaign is “SKYROS Project”. It is a 
cooperative project between the University of the Aegean and the Skyros Port Fund. Since 2015, 
every summer, academic students and researchers of the Research Center of Environmental Education 
and Communication of the Department of the Environment of the University of the Aegean are 
visiting the Island of Skyros in the spectrum of their internship requirements. The environmental 
communication tasks of SKYROS Project include a variety of different environmental actions. One 
of them is the Environmental Kids’ Camp, in which children 6 to 13 years old are participating in 
environmental education programs. They are being educated in a specially designed area, on how to 
take care, respect and protect the environment. The ultimate goal is to create environmentally active 
citizens with a responsible behavior. So, the main object of this research is to create a program 
complementary to the one already existing, based on environmental education guidelines for early 
childhood. For the first time, this summer of 2018, the research team of SKYROS Project will attempt 
to involve kids of early childhood age as well. 


This program provides the opportunities for young children of locals and tourists to participate in a 
variety of eco-social interactions, including playing and exploring the outdoors. Based on a quality 
assessment process, this paper will present the benefits of environmental education in early childhood 
in outdoors places, like a port. The extension of the environmental camp would be based on the 
Guidelines for Excellence of the North American Association of Environmental Education. The 
overall goal of these guidelines is to chart an appropriate and positive process whereby educators can 
start young children on their journey towards becoming an environmentally responsive youth and 
later on adults. Environmental education in early childhood is a holistic concept that encompasses 
knowledge of the natural world strengthening this way environmental literacy for all. 


Keywords: Environmental education, Environmental camp, Early childhood, Outdoor activities, 
Environmental responsible behavior 


1. INTRODUCTION 


Environmental Education (EE) was born in the middle of the previous century amid a generalized 
concern that was developed within the modern environmental movement (Flogaitis et al, 2005). 
According to the definition, given by UNESCO (1978) at the Conference in Tbilisi, EE is the process 
of shaping a global population, which should be informed, interested in the environment and its 
issues, and have the knowledge, skills, attitude and will to work, alone and collectively, on solving 
the current environmental issues and preventing the appearance of new ones. 
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The Tbilisi Declaration identified that humans and the environment were interdependent on each 
other and governments should consider both the needs of the present and the needs of the future 
generations in their policies. It emphasized that for significant change to happen, countries had to 
engage on environmental education for people of all ages both in formal and informal settings in 
order to handle the problems affecting the quality of this planet (Croft, 2017). 


The main purpose of environmental education is to give every individual the opportunity to express 
a positive environmental attitude and responsibility towards the environment they live (Sabo, 2010). 
Environmental education is a way to reach an understanding of the relationship between humanity 
and the living environment. Young children are active and inquisitive (NAAEE, 2000). The curiosity 
that is a common stake of children is the way to make them interested to explore nature and learn 
about life in general. Everything is worth exploration for them and all their senses are involved in the 
understanding of how the environment is built. Children from early age are interested to connect with 
others and experience both indoors and outdoors environments. Outdoors Environmental Education 
(OEE) is one of the most successful ways to lure children towards building a solid succeeding 
environmental literacy (Okur-Berberoglu et al, 2014). 


1.1 Environmental education in coastal areas 

To sustainably manage coastal areas and conserve coastal biodiversity, the participation of local 
residents and other stakeholders is indispensable (Sakurai et al, 2017). Sustainable management of 
coastal biodiversity as well as conservation of coastal and marine areas were declared as important 
goals for the Aichi Targets, which all countries and stakeholders need to pursue (Sakurai et al, 2017). 
Researchers in various fields have tested and explained factors that affect people's willingness to 
behave in an environmentally friendly manner (Zanetell and Knuth, 2004; Sakurai et al, 2015). 


Previous studies have identified that people's sense of place could affect their willingness to conserve 
the coastal area (Sakurai et al, 2017). Several studies have suggested that sense of place can include 
place attachment, which is the strength of the bond between a person and place. The place meaning, 
is the symbolic meaning people attribute to a place (Halpenny, 2010). Although sense of place has 
been discussed and acknowledged by many researchers as an important concept, affecting people's 
willingness to take care of a place, conceptualizing and quantitatively identifying this framework has 
been challenging (Stedman, 2002). 


Environmental education is a field that aims to encourage people to adopt more sustainable lifestyles 
through 1) acquiring awareness, 2) developing knowledge, 3) acquiring attitudes, 4) acquiring skills, 
and 5) encouraging participation (Jacobson, 2009). One of the most important goals of environmental 
education is to understand the relationship between current and future generations (specifically, the 
importance of protecting the natural environment and resources for future generations), which could 
be regarded as directly connected to two environmental education aims: acquiring awareness and 
positive attitudes (NAAEE, 2009; Japanese Society of Environmental Education, 2012). 


The importance of developing conservationist attitudes with regard to future generations can also be 
explained in the context of a major environmental worldview (Sakurai et al, 2017). The stewardship 
worldview assumes that we (human beings) are borrowing the earth's natural capital from future 
generations, and therefore, we have an ethical responsibility to leave the earth in a healty condition 
for the generations to come (Miller and Spoolman, 2015). 


1.2 Environmental Education at the Port of Skyros Island: Daily Environmental Kid’s Camp 
In Greece, Linaria Port of Skyros Island is famous for the innovative approaches enacted by the 
specific Port Authority. Since 2015, a worldwide environmental campaign, under the brand name 
“SKYROS Project”, has launched there, presenting an innovative cooperation with the University of 
the Aegean and the Skyros Port Authority. University students, locals and visitors become the 
decision makers for environmental issues taking in their hands environmental planning and 
management of the specific port area (Skanavis et al, 2018). However, this approach in terms of 
“information-deficit” has been widely criticized as being inadequate to promote behavioral change 
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(Ockwell et al, 2009 Skanavis & Kounani 2017). To tackle such concern, the SKYROS Project, 
taking off in 2015, established at Linaria port an interactive lab which included the port as a way of 
promoting environmental issues awareness through hands on experience (Skanavis et al, 2018). 
Significant environmental actions that were implemented were an Environmental Kid’s Camp, 
Tourist Observatory, Maritime Tourism Observatory and a Summer Academy for Environmental 
Educators (Plaka et al, 2017). This project was recognized at national and international competitions 
as one that excels on environmental awareness (Plaka et al, 2017 and Antonopoulos et al, 2017a). 


2. METHODOLOGY 


2.1 Study Area 

Skyros Island belongs to a complex of islands, which is called Sporades. The importance of this island 
is considered huge not only because it is placed in the center of the Aegean Sea, but also because it 
connects many destinations (Antonopoulos et al, 2017a). In Linaria, the Port Authority 
Administration has adopted an environmental and sustainable agenda. Delivered at the port, a series 
of innovative environmental education projects that could promote environmentally responsible 
behavior for both visitors and residents (Antonopoulos et al, 2017b) proved to be a breakthrough in 
the promotion of responsible environmental behaviors. This port has been distinguished as a unique 
one for the whole country (Antonopoulos et al, 2015). Furthermore Linaria as a community has been 
characterized as an environmentally sustainable one (Antonopoulos et al, 2016). 


The last six years, this small port constantly implements interesting ideas, such as the construction of 
seadromes, the use of electric scooters, the PV panels, a gas station and the cooperation of the Port 
Authority of Skyros with the University of the Aegean’s Department of Environment, known as 
SKYROS Project. These actions have attracted the interest and respect of travelers from around the 
world (Antonopoulos et al, 2016). Environmental actions at no cost for users, gradually formed 
conscious citizens at the island and encouraged visitors to become environmentally sensitive (Plaka 
et al, 2017). United Nations during the Climate Change Summit of 2016, recognized the Linaria Port 
as “the blue port with a shade of green” (Skanavis et al, 2018). 


2.2 Planning and implementation 

The Environmental Kids' Camp has been offered every summer for the last four years. The ages of 
the participants range between 6-13 years old. This coming summer, pre-school children (ages 3-6) 
will be welcomed. Environmental education in early childhood is a holistic concept that encompasses 
knowledge of the natural world, strengthening appropriate code of ethics and promoting 
environmental literacy for all. 


This paper is based on a qualitative study, presenting the benefits of environmental education at early 
childhood in outdoors places, like a port. Having a high quality educational program tailored to the 
participants’ interests and being inspired by familiar surroundings is very important for practicing 
theory in real time conditions (Skanavis et al., 2018). The objectives of the summer environmental 
camp at Skyros Island were related to the dissemination of environmental education to children and 
to the promotion of their responsible environmental behavior through theory and hands on experience 
in an outdoors set up (Skanavis and Kounani 2017). 


The environmental camp set up is based on the “Guidelines for Excellence” of the North American 
Association of Environmental Education (NAAEE 2017). The main goal behind the specific 
quidelines is to chart an appropriate and positive process whereby educators can start young children 
on their journey towards becoming an environmentally responsive youth and later on adults. 


This research focuses on the part of preschool kids environmental education through their interaction 
with a port. The plan for this program is to use procedures, which will be easy to comprehend from 
participating kids of very young ages (3-6 years old). An environmental awareness approach may be 
best handled through interaction with nature, excursions and camps (Sabo, 2010). Early childhood 
environmental educators need to create a climate in which children are motivated to learn about and 
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explore the environment and practice their developed skills with procedures based on a basic 
understanding of the goals, theory, practice, and history of the field of environmental education 
(NAAEE, 2000). 


3. THE MAGNITUDE OF ENVIRONMENTAL EDUCATION IN EARLY CHILDHOOD 


Environmental education is becoming an increasingly important learning area in early childhood 
education (Pearson & Degotardi, 2009). The approach to environmental education for early childhood 
learners is less about organization of graduated achievements and more about free discovery on each 
child’s own terms (NAAEE 2000). The preschoolers get their first exposure to the worldwide profile 
of the environmental issues, and the destructive potential of individuals to nature (Sabo, 2010). 


Wilson (2012) outlines how the early childhood years are fundamental in developing ‘’ environmental 
attitudes and a commitment to caring for the Earth’’. The natural world can give children instant 
responses to their curiosity through all of their senses as they touch, taste, smell, see and hear what is 
going around them. Early Childhood Environmental (ECE) programs are expected to foster the 
physical, mental, and social- emotional development of children, and, increasingly, to address an 
array of the threats to children’s health and wellness (Cooper, 2015). In early childhood, it is 
important to concentrate on building a foundation that will allow for positive examination of issues 
and appropriate action later in life (NAAEE 2000). Children are the future guardians of earth. Thus, 
studies on children’s environment from children’s perspective are vital because the environment 
shapes children’s attitude and behavior as children and later on as adults (Mustapa et al, 2015). 


3.1 The relationship between young children and nature 

The task of environmental education for young children is to forge the bond between children and 
nature (NAAEE, 2000). Connection to nature during childhood has a significant impact on attitude 
and behavior towards nature in later life (Mustapa et al, 2015). Research by Fyortoft (2001, 2004) 
found young children playing in a natural environment had a greater increase in gross motor skill 
development, motor fitness, balance, and coordination than their peers in a traditional playground 
setting (Ernst and Tornabene, 2012). Freeman and Tranter (2011) also categorized the experience in 
nature in three types: direct, indirect and observing without contact (Mustapa et al, 2015). 


Providing high-quality early childhood programs, and allowing children to follow their curiosities 
about their word and what nature has to offer, can bring incredible richness to their lives (NAAEE 
2000). Direct experiences in nature encourage connection and increase children’s affinity towards 
nature (Mustapa et al, 2015). Children, who participated in a nature camp with and without 
environmental education showed an increase in their affinity towards nature, ecological beliefs and 
environmental behavior (Collado et al, 2013). 


Experience in nature increases their score on eco-affinity, eco-awareness and environmental 
knowledge (Larson et al, 2009). They are learning how to explore and use tools of exploration such 
as magnifying glasses and pop sickle sticks (NAAEE, 2000). Moreover, time spent in nature is found 
to be an indicator on environmental attitudes (Mustapa et al, 2015). Children are watching plants and 
animals change through their life cycles, and learn how to respect the natural world and living things 
(NAAEE, 2000). Experience in nature for prolonged time has been found to be an indicator on 
positive environmental attitude resulted from the connection and the empathy feelings associated with 
it (Stern et al, 2008). The interest and curiosity that young children typically show for plants, animals, 
water, clouds, rocks, and other natural phenomena are the basis for environmental educators’ work 
(NAAEE, 2000). 


Indirect experience in nature is also associated positively to children’s affinity and environmental 
attitude and behavior. Children involved in an environmental club showed positive attitudes toward 
the natural environment compared to children who had not joined the club (Mcallister et al, 2012). 
Children who respect the environment feel an emotional attachment to the natural world, and deeply 
understand the link between themselves and nature. They will eventually become environmentally 
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literate citizens (NAAEE, 2000). Children with lack of experience and exposure to nature will see 
themselves separated from the natural world (Mustapa et al, 2015). 


3.2 The role of play 

As a natural and compelling activity, play promotes cognitive, physical, social, and emotional well 
being, offering the necessary conditions for children to thrive and learn (Bento and Dias, 2017). Wood 
and Attfield (2005) argue: Play cannot be easily defined or categorized because it is always context 
dependent, and the contexts can vary. There are many different forms of play including: role play, 
imaginative play, socio-dramatic play, heuristic play, constructive play, fantasy play, free-flow play, 
structured play, rough and tumble play, all of which involve a wide range of activities and behaviors 
and result in varied learning and developmental outcomes (Mackenzie and Edwards, 2013). 


Through play, the child can experiment, solve problems, think creatively, cooperate with others, etc., 
gaining a deeper knowledge about his/her self and the world (Bento and Dias, 2017). This way of 
thinking about play has contributed on the learning and teaching approaches of environmental 
education at early childhood because it allows the value of experience (including values and action) 
and engagement with the sources behind the theoretical knowledge (Mackenzie and Edwards, 2013). 
From an early age, the possibility to experience during the unstructured play, in which the child can 
decide what to do, with whom and how, promotes positive self-esteem, autonomy, and confidence 
(Bento and Dias, 2017). Children communicate with peers and develop friendship when playing in 
the natural environment. They learn social skills such as manners, how to behave and interact with 
peers, confidence and work ethics (Laaksoharju et al., 2012). 


Play and exploration promote physical development, are soothing and reduce stress, and help to 
restore attention. An enjoyable task has a tremendous potential for promoting creativity, helping 
children construct an understanding of their world, and facilitates learning in many different areas 
(NAAEE, 2000). Play and experience in nature, highly contributes to children’s cognitive, physical 
and social development, restores positive emotion, develops sense of place, empathy and care for 
nature, as well as, associates positively with environmental attitude and behavior (Mustapa et al, 
2015). 


3.3 Play in outdoors places 

The outdoors can be described as an open and constantly changing environment, where it is possible 
to experience freedom, gross and boisterous movements, and contact with natural elements (Bento 
and Dias, 2017). Outdoor play provides learning opportunities for infants and toddlers that they 
cannot get elsewhere (NAAEE, 2000). While playing outside, children benefit from being exposed 
to sunlight, natural elements, and open air, which contributes to bones development, stronger immune 
system and physical activity (Bento and Dias, 2017). 


Early-learner programs provide opportunities for young children to participate in a variety of social 
interactions, including play and exploration in the outdoors that allow them to grow as contributing 
members of their community (NAAEE, 2000). The need to be physically active from an early age is 
particularly relevant if we consider the concerning growth of children’s obesity and overweight 
(Bento and Dias, 2017). Nutrition is improved since children who get engaged into grow food are 
more likely to eat fruits and vegetables (Bell and Dyment, 2008). Gardens that support children’s 
engagement with vegetables and fruits and increase frequency of consumption are associated with 
acceptance of diverse tastes (Cabalda et al, 2011) as a positive strategy to support healthy eating 
(Meinen et al 2012). Thus, it is important to understand benefits of the nature and environment on 
children’s developmental needs in order to create an environment that meets the quality standards 
(Mustapa et al, 2015). 


Because injuries can take place in outdoor play areas, safety is a major consideration (NAAEE, 2000). 
Three basic safety rules are as follows: 
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1. Provide soft, level surfaces with good drainage. Grass is best for toddling and crawling; wood, 
mulch, or rubber mats work well under “fall zones.” 
2. Eliminate possibilities for entrapment. 
3. Provide watchful maintenance for items dangerous for babies to put in their mouths. Remove 
items that are a choking hazard. 
Through outdoor play and the exploration of natural elements, it is possible to promote education in 
its broadest sense. Activities related to playing with soil and water can serve as examples of learning 
opportunities in which concepts related to mathematics, science or language were promoted in an 
integrated way (Bento and Dias, 2017). 


3.4 Places and spaces 

Early childhood environmental education programs provide places and spaces, both indoors and out, 
that are safe, enticing, comfortable, and enhance learning and development across all learning 
domains; and provide opportunities for development across social, emotional, physical, and cognitive 
development domain. Helping children to look more closely, listening more carefully, and 
understanding the natural world in rich and varied ways by providing opportunities for children to 
marvel in the beauty of nature are important reasons to invest in outdoors environmental education 
(NAAEE, 2000). 


Today’s society often neglects the importance of risk in children’s learning agenda and developmental 
approaches (Bento and Dias, 2017). The integration of natural components throughout places and 
spaces is essential if learning opportunities and development are to be maximized (NAAEE, 2000). 
A culture of fear lead us to underestimate what children are capable to do, creating an even more 
“dangerous” learning environment, where children do not have the possibility to learn, by experience, 
how to stay safe (Bento and Dias, 2017). In the outdoor environment, opportunities to exceed personal 
limits often emerge in situations like climbing up a tree or using a tool (Bento and Dias, 2017). 


In risky play, the adult should interpret the signs of the child, giving the necessary support or space 
that he or she needs. From experts experience and relevant studies in this area, it is possible to state 
that risky play promotes important skills related to persistence, entrepreneurship, self-knowledge and 
problem solving. During outdoor play, children should have the opportunity to experiment moments 
of failure and success, learning by trial and error. If we try to prevent all risky situations, children 
will not know how to deal with unpredictable environments and will lack the necessary confidence 
to overcome challenges in an autonomous way (Bento and Dias, 2017). 


To develop quality outdoor practices, that can have a positive impact ion children’s health and 
development, it is fundamental to promote conditions for adults to feel comfortable and motivated 
during the time the children spent outside. Often educators are concerned about keeping children 
together outdoors in order to keep them safe, away from streets, and to prevent them from getting lost 
(NAAEE, 2000). It is important not to forget that most families just want the best for their children 
and it is the job of professionals to help them achieve this goal (Bento and Dias, 2017). 


4. DISCUSSION AND CONCLUSSIONS 


Environmental education often begins close to home, encouraging learners to understand and forge 
connections with their immediate surroundings. The environmental awareness, knowledge, and skills 
needed for this localized learning provide a foundation for moving out into larger systems, broader 
issues, and a more sophisticated comprehension of causes, connections, and consequences (NAAEE, 
2000). Young individuals should experience the power, fragility, interconnectedness and awe of 
nature, so they can become environmental stewards of the future (Plaka and Skanavis, 2016). 


Linaria is characterized as an environmentally sustainable small port community (Antonopoulos et 
al, 2016). Through various case studies, research has identified that people's sense of place could play 
an important role in motivating place-protective behavior (Halpenny, 2010; Tonge et al, 2014; 
Sakurai et al, 2016). Environmental Education in a port which has adopted a sustainable agenda 
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strengthens the above mentioned feeling. The action of Environmental Camp of SKYROS Project at 
the Port of Skyros Island is internationally unique (Plaka et al, 2017). The variety of free 
environmental actions which are being held at this port, gradually transform participating kids to 
conscious citizens (Plaka et al, 2017). In order to achieve a satisfying deepening in environmental 
education, it is necessary to connect it to all three forms of education (Aposotolopoulou et al, 2016) 
something that been done successfully at Linaria Port. 


Most environmental education, outreach, and communication programs are designed to help people 
understand their impact on future generations and how we need to take care of resources so that future 
generations can use them as well (Jacobson, 2009; NAAEE, 2009; Japanese Society of Environmental 
Education, 2012). However, there has not been much systematic and scientific research to understand 
what actually affects people's attitudes regarding future generations (Sakurai et al, 2017). This could 
be an interesting quantitative assessment project about an environmental education program at a port. 


Youth must be educated, in and out the classrooms, in how to take care, respect and protect the 
environment. Promoting sustainable development should be a priority in the school system’s 
educational agenda. The way to reach this state of excellence is through environmental education 
from an early age. Early learning programs provide children with opportunities to develop curiosity, 
ask their own questions, and be able to develop reasoning and problem-solving skills (NAAEE, 2000). 
Young people, by all available means, must learn to care for the planet, be familiar with nature and 
be a part of an environmentally active community (Plaka and Skanavis., 2016). 


Connection to nature during childhood has a significant impact on attitude and behavior towards 
nature in later life (Mustapa et al, 2015). Providing high-quality early childhood programs, and 
allowing children to follow their curiosities about their word and what nature has to offer, can bring 
incredible richness to their lives. In early childhood, it is important to concentrate on building a 
foundation that will allow for positive examination of issues and appropriate action later on in life. 
Children are the future guardians of earth. Thus, studies on children’s environmental perceptions from 
the children’s perspectives are vital because the environment shapes children’s attitude and behavior 
(Mustapa et al, 2015). The integration with natural components throughout places and spaces is 
essential if learning opportunities and development potential are to be maximized (NAAEE, 2000). 


Nevertheless, the ultimate goal of Environmental Education is the development of an environmentally 
literate citizenry (NAAEE, 2000). As Skanavis et al. (2005) indicate “our youth is the most precious 
asset. Supporting their environmental conscious, would later on enable them to actively participate in 
the environmental decision making. As children explore their environment, they begin to develop 
understandings of how the world works (NAAEE, 2000). When environmentally educated young 
individuals grow up, as residents they would willingly participate in a societal movement, especially 
when they observe that their way of life is endangered” (Nastoulas et al, 2017). 
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Abstract 

Creativity has come to be viewed as a source of competitive advantage in social life, emerging from 
a set of financial and social concerns affecting daily routine in our days. This research proposes the 
operation of an ecovillage, where responsible environmental behaviors will be enforced through 
“creative tourism”. Researchers show that creative tourism makes available to visitors the chance to 
develop their creative skills through active participation in learning experiences. 


The proposed Ecovillage in Skyros Island, Greece, will be accessible to families who wish to spend 
their vacation time in environmentally inspired set ups and use the opportunity to personally 
contribute to environmental protection as well as expose their children to ways to actively object to 
environmental issues of concern. Also, it refers to groups of people who don’t have to be physically 
at work, like digital nomads, who choose as living set up an environmental awareness type of 
community. Specifically this study attempts to assess all activities, educational and empirical, which 
will be offered to visitors/residents of an “ecovillage”. A complete search of related literature guides 
the tasks and services that would be offered to those spending their vacation time at the proposed 
ecovillage. In detail the participants would be active operators of the sustainable living structure and 
their needs will be based on the concepts of environmental conservation and protection in order to 
minimize the consequences that affect irreversibly nature and human life. Through their daily 
involvement at this chosen vacation format, environmental awareness will be accomplished in a 
successful manner. For the young ones the ecovillage will hold a daily environmental camp tailored 
to the needs of the participant children. 


Keywords: Ecovillages, Circular economy, Creative tourism, Environmental education 


1. INTRODUCTION 


Such factors as globalization of trade, accelerated environmental degradation, the rise of information 
technology, and the changes that have resulted from these, have radically altered our perception of 
space and place [Putnam, 2000]. The ecovillage movement is a worldwide phenomenon that has 
arisen in response to the effects of the modern lifestyle on both our social and ecological 
environments. The ecovillage, a term that came into common usage in the early 1990s, is a specific 
form of intentional community [Global Ecovillage Network, 2002]. “An ecovillage is an intentional 
or traditional community using local participatory processes to holistically integrate ecological, 
economic, social, and cultural dimensions of sustainability in order to regenerate social and natural 
environments”. At the core of an ecovillage lies the intention of its inhabitants to design their own 
pathway into the future [GEN, 2015]. 


The search for a sustainable lifestyle, combined with the reduction and the solution of environmental 
problems is a field of research of scientific community and an aim to be reached for governments and 
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societies. The adoption of responsible environmental behavior of all stakeholders (society, 
individuals, organizations, governments, etc.) is one of the key solutions [Andriopoulos et al, 2017]. 
The ecovillage, with their principles and values, is an example of responsible environmental behavior, 
a remarkable issue for scientific research. At the same time there has been an increasing sense of the 
breakdown of community principles as modern life has become even more segmented. This has 
resulted in feelings of isolation and disconnectedness, and further withdrawal from traditional forms 
of political and social participation [Putnam, 2000]. 


1.1 What is an Ecovillage 

Ecovillages aim at “helping our society to get closer to nature again and to develop new ways of 
living together on the land in a genuinely more sustainable way” [Kovasna, 2012]. Furthermore they 
are known for aspects as “ecological sustainability through such practices as generating solar energy, 
raising animals, and growing their own food” [Meijering, 2012]. Theseare done through the 
ecovillage promotion concept, which is seen as an innovation offering solutions to problems related 
to the distribution of resources, climate change, and the social life in the region. Ecovillages are 
presented as “an alternative to the individualistic, consumerist, and commoditized systems many 
cities represent” [Kovasna, 2012]. Besides ecological sustainability, the communities also strive for 
communal sustainability, which refers to sharing one’s life with other people and practicing a 
common ideology together [Meijering, 2012]. 


Based on a review of literature, there are ten basic features of the Ecovillages [Kanaley, 2000; Gaia 
Education, 2009; Kasper, 2008; Joseph & Bates, 2003; Sevier, 2008; Jackson, 2004; Jackson & 
Svensson, 2002], which are essential for a successful ecovillage application. One of the most familiar 
and straightforward ways of aligning people’s behavior with community goals is to establish rules. 
Every ecovillage has a specific set of policies that govern everyday life in its premises. 


Such communities have developed over time an astonishing array of internal democratic governance 
systems and low impact/high quality lifestyles. They have been proven to successfully empower, 
sustain and promote truly sustainable ways of living, both in rural and urban settings [GEN, 2015]. 
Together, they aim to build a world living within its own means, and a world at peace with itself. They 
know that innovation, creativity and the wise use of modern technology and resources, when 
combined with traditional heritage and wisdom, can massively contribute to addressing global issues 
of poverty and environmental destruction [GEN, 2015]. 


Some of the most important aspects of ecovillage planning involve identifying zones for agriculture, 
commerce, and high and low density building clusters [Kasper, 2008]. Clustering buildings (including 
workspaces, residences, and community buildings) is a way to minimize a community’s physical 
footprint, while maximizing privacy, opportunities for work, and social interaction. The human home, 
however, remains an important aspect of the physical environment, and one in which prospective 
residents and people curious about ecovillages seem to be most interested. One of the most striking 
features among all of the communities is the architectural diversity. The latter approach to 
construction focuses on minimizing site disturbance and waste, while maximizing energy efficiency. 
Characterized by their uses of high tech insulation, wall building techniques, window glass, and 
heating and cooling systems, “green homes” tend to resemble more conventional residences. 
Ecovillages are also thoughtfully organized to promote social interaction, another important means 
of reinforcing an alternative way of thinking [Kasper, 2008]. 


In a recent review of ecotourism research, Weaver and Lawton [2007] maintain that ecotourism 
satisfies three “core criteria” namely, (1) attractions should be predominantly nature-based, (2) visitor 
interactions with those attractions should be focused on learning or education, and (3) experience and 
product management should follow principles and practices associated with ecological, socio-cultural 
and economic sustainability. In a similar fashion, Donohue and Needham [2006] identify six “key 
tenets” of ecotourism: (1) nature-based, (2) preservation/ conservation, (3) education, (4) 
sustainability, (5) distribution of benefits and (6) ethics/responsibility/awareness. 
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Opportunities for visitor participation in habitat restoration and other environmental conservation 
activities are also important [Walter, 2009]. Members of Global Ecovillage Network (GEN) have 
recently coined the phrase, “ecovillage tourism” to denote “a new type of green travel, whereby 
people visit ecological communities around the world to experience low-impact living and 
community”. GEN has formally designated some sites devoted to these activities as “living and 
learning centers” [GEN, 2015]. 


According to Kasper [2008] and Zeppel [2006], the principles that should govern Ecovillage based 
tourism are mainly characterized with the following features: 


e They are sustainable settlements that integrate the tourism services into the activities necessary to 
reachtheir main goals. 


e The agricultural activities are necessarily environmentally friendly. 


e The tourism activities are considered to be an economic option to provide financial support and 
employment facilities for the villagers. 


e Tourists can pay a certain accommodation fee, or contribute to the villagers by means of physical 
participation in the village works to substitute the accommodation fee. 


e They can offer the customers with the accommodation, meal-drink and bed facilities as well as 
introduction and practical application of production activities, civil and garden works, harvesting, 
traditional handicrafts, preparation of specific regional foods, animal care and similar Ecovillage 
activities. 


Furthermore, if the idea of well-being is to be introduced as the overarching objective in society, the 
more open-minded next generation of adults would be the easiest segment of the population to start 
with [Grinde, 2009]. As children gather together at kindergartens, schools and youth clubs, promoting 
a focus on well-being this may not just be beneficial to achieving a higher level of well-being, but 
also socio-economically efficient in reducing social costs and the economic waste of creating 
maladjusted citizens. Thus, caring for the development of children’s emotional wellbeing is an 
important cross-cutting issue for any national wellbeing strategy [Grinde,2009]. Children’s contact 
with their parents in workplaces is more frequent than what can be expected in urban environments. 
Ecovillages, many times with car-free environments, encourage smaller children to move freely 
around in the settlement, from home to workplaces and other social venues. 


1.2 Circular Economy and Ecovillages 

It is in this context,that a new approach to sustainability, the “Circular Economy’, is being examined. 
This economy is emerging as a possible strategy, that companies of all sizes might adopt in order to 
deal with the environmental challenges. However, as the circular economy concept is relatively new 
in its conceptualization and implementation, there may also be tensions and limitations inherent in its 
appropriation and application [Murray et al, 2015]. Greyson [2007] claims that Kenneth Boulding 
[1966] was the originator of the term when he wrote: “man must find his place in a cyclical ecological 
system which is capable of continuous reproduction of material form even though it cannot escape 
having inputs of energy”. More recently, Mathews and Tan [2011] suggested that “the goal of the 
eco-initiatives is to eventually establish a so-called circular economy, or what is otherwise known as 
a ‘closed-loop’ economy”, while Yang and Feng [2008] called the Circular Economy an 
“abbreviation of Closed Materials Cycle Economy or Resources Circulated Economy”. 


The term linear economy was brought into popular use by those writing on the Circular Economy and 
related concepts [Murray et al, 2015]. The word circular has a second, inferred, descriptive meaning, 
which relates to the concept of the cycle. There are two cycles of particular importance here: the 
biogeochemical cycles and the idea of recycling of products. Recycling has been a significant part of 
sustainable practice for many years, and it is fundamental to the Circular Economy. The circular 
economy is ultimately linked to resource cycling. These ideas are further developed in industrial 
symbiosis, where firms use each other’s waste as resources, and in the service economy, where work 
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is done to slow down cycles of use, in order to delay waste output. The model character of the planned 
village consists of the comprehensive attempt to integrate all spheres of life (home life, work, 
provision, free time) as part of an ecological circular economy. 


The Circular Economy represents the most recent attempt to conceptualize the integration of 
economic activity and environmental wellbeing in a sustainable way. These include an absence of the 
social dimension inherent in sustainable development that limits its ethical dimensions, and some 
unintended consequences. This leads us to propose a revised definition of the Circular Economy as 
“an economic model wherein planning, resourcing, procurement, production and reprocessing are 
designed and managed, as both process and output, to maximize ecosystem functioning and human 
well-being” [Murray et al, 2015]. 


1.3 Creative Tourism and Ecovillage 

At the same time, creativity has been seen as a source of competitive advantage in social life, evolving 
from a series of economic and social problems that affect daily routine nowadays. The cyclical 
economy, a necessary perception, comes to revitalize creativity by promoting new environmental 
actions. Researchers have been shown that creative tourism is “tourism which offers visitors the 
opportunity to develop their creative potential through active participation in learning experiences 
which are characteristic of the holiday destination where they are undertaken” [Richards & Raymond, 
2000]. 


Lifestyle travel is a phenomenon that illustrates a de-differentiation of everyday life and tourist 
experiences, a process that Uriely [2005] identifies as characteristic of tourism in late modernity. In 
this consideration local people may become more environmentally aware because of their 
participation in ecotourism in the connection with the activities of visitors. Ecotourism guides also 
teach visitors about local plants, wildlife, forest, history and cultural attractions [Uriely, 2005]. 
Tourism brings together very diverse people and nationalities that influence the process of cultural 
development in a destination. This brings new ideas that combined with innovation can become a 
unique asset to the destination [OECD, 2014]. 


2. PROPOSING ACASE STUDY OF AN ECOVILLAGE 


Without any doubt the road to sustainable development goes through environmental protection and 
sustainable management of local natural resources [Andriopoulos et al, 2017]. The aim of this 
research is to propose a geographical location to establish an ecovillage, in which all the principles 
of an ecovillage will be established while adhering to the concepts of circular economy and creative 
tourism. The proposed location in a Greek island, Skyros Island, with environmental infrastructures 
and influences, where our research center has set up a satellite unit. 


2.1 Choosing the Right Location 

In Greece there are more than 2.500 islands, of which only 227 are inhabited [European Union, 2015]. 
In the heart of the Aegean Sea, Skyros Island is unique about its environmental characteristics. The 
island of Skyros has been chosen as a study area, due to its remarkable characteristics [Andriopoulos 
et al., 2017].This proposed Ecovillage Project at Skyros Island will be assessed. This project will be 
based on preset criteria and principles. The visitors will be accommodated in tents, in a specially 
designed area in Acherounes Village (Figure 1). The locals who until a few years ago lived in perfect 
harmony with the natural environment, can provide a great baseline, while at the same time they have 
the opportunity to find new pathways towards sustainable development, preserving this way the 
unique natural environment of the island [Andriopoulos et al, 2017]. So, the Skyros Ecovillage Project 
proposes the operation of an ecovillage where responsible environmental behavior will be imposed 
through "creative tourism". In other words, these two concepts, creative tourism and the circular 
economy in the context of ecovillage are the ones this research aims to incorporate. 


212 


Protection and restoration of the environment XIV 


Wildlife sanctuary Kampos 
Katounes-Trachi 


m 


S \ 
Atsitsa S ~ Molos 


, 


Í N 
Sigs hiking path — Skyros 
bs com © i 


Wildlife sanctuary 
Pefko 


Skyros hiking paths 
at | A a 


Figure 1: Skyros Island: Linaria Port and Location of Ecovillage Project (Source: Google 
maps) 


Skyros Island (Figure 1) has well defined hiking paths and is known for a unique wildlife sanctuary. 
At its Port, named Linaria, the well-known “SKYROS Project” is involved with various 
environmental actions. The island’s morphology and biodiversity have raised interest from the 
scientific community. The Hellenic Ornithological Society organizes actions for the protection of rare 
birds on the island and many Universities have been coming to Skyros to perform specific ecological 
research. In 2015, the University of the Aegean initiated the collaboration with the Skyros Port 
Authorityon running an environmental campaign under the brand name “SKYROS Project”. 


The Authority of Linaria Port has implemented a new sustainable agenda, since 2010. In a short time 
the port of Skyros, Linaria Port, has succeeded to attract tremendous publicity and has been recorded 
as the fuller and friendliest public port of Greece [Antonopoulos et al., 2015], with the arrivals 
reaching an increase of 975%. Linaria Port serves as an interactive lab. University students, locals 
and visitorsare trainedtobecome the decision makers for environmental issues taking initiatives on 
environmental planning and management of the specific port area. This state of art educational 
approach has secured the success of SKYROS Project [Antonopoulos et al. 2017a]. The above Project 
is a paradigmatic cooperation of two public sectors, the Research Center of Environmental 
Communication and Education of the Department of Environment of University of the Aegean with 
the Skyros Port Authority. The enthusiastic students through their daily environmental investment in 
the area led the way to a permanently established remote training site that invests into environmental 
research and education practices [Antonopoulos et al, 2017b]. Worthwhile accomplishments include 
the establishment of the tourism observatory anda marine one, both located at Linaria Port of Skyros 
Island. Also a free of charge kids’ camp was established at the same port. 


2.2 Design the Appropriate Environmental Activities 


Without any doubt the road to sustainable development goes through environmental protection and 
sustainable management of local natural resources. Skyros Island due to its unique environmental 
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characteristics is considered to be the ideal place for such activities, in which families will be come 
together. 


Skyros is one of the richest Islands in biodiversity of Aegean Sea with special ecological importance. 
Especially the southern part of the island, Mount Kohilas, the surrounding islands and the remaining 
wetlands of the island are important regions for birds especially migratory while have been recorded 
important species of bats in the area. Also, the island is the natural habitat of "Equuscaballus 
skyriano". It's an old breed of semi-savage horses, with roots in the Classic period, or even the 
Prehistoric period, the origin of which can be lost in the depths of the Geological centuries. The 
unique, world-wide, small horse of the breed of Equus caballus lives in the natural environment of 
Skyros, in the area of the "Mountain" which is in the south-east part of the island [Andriopoulos et 
al., 2017]. There are farms, where the visitors are able to work in and care or feed these endangered 
species. 


The southern part of Skyros is a unique area of biodiversity observation for the visitors. There are 
safety pathways, where families will be able to walk in the area around Mount Kohilas (the highest 
mountain on the island with 792m altitude), which is included in the European Natura 2000 network 
and where the Bantam breed Skyros horse (race Equus caballus), one of the rare breeds horses in the 
world, is living today. In this area there are many kinds of rare and endemic plants, some of which 
have been included in the Red Book of Rare and Threatened Species of Greek Flora. In the same area 
there are maple clusters, an important habitat for local biodiversity unique in the Aegean region, 
especially for birds that nest and shelter there. In the Island, is also living a native kind of lizard, while 
the Mediterranean seal Monachus monachus is frequently found in caves of the island. Finally, there 
are several important species of flora and a significant number of endemic and endangered plant 
species [Andiopoulos et al., 2017]. 


The accommodation, in Acherounes Village will be provided by the SKYROS Project. There, while 
the kids staying in will participate in environmental actions designed for the young ones, the adults 
will be involved is a variety of environmental activities. These will include but not limited to getting 
their hands dirty in collecting trash, growing organic food, recycling and reusing materials and the 
conservation of energy. Skyros Ecovillage Project would provide a shining example of sustainable 
development approach. 


This Ecovillage Project attempts to assess all activities, educational and empirical, which will be 
offered to visitors/residents at Skyros Island. A complete search of related literature guides the tasks 
and services that would be offered to those spending their vacation time at the proposed ecovillage. 
In detail the participants would be active operators of the sustainable living structure and their needs 
will be based on the concepts of environmental conservation and protection in order to minimize the 
consequences that affect irreversibly nature and human life. Through their daily involvement at this 
chosen vacation format, environmental awareness will be accomplished in a successful manner. 


Outdoor environments can enhance mental health of participating students, contribute to students’ 
intellectual and emotional development, support their environmental awareness and can give them 
opportunities to play and get involved in creative activities as well as connect directly with nature 
[Plaka & Skanavis, 2016]. Children who participated in Ecovillage Project have the opportunity to 
join in Daily Environmental Camp in Linaria port, an action of Skyros Project. Since 2015, the 
Environmental Camp for children offers to the local community’s children and the visitors a high 
quality educational program tailored to the participants’ interests, being inspired by the familiar port 
surrounding. The objectives of the summer environmental camp at Skyros Island are focusing on the 
dissemination of environmental education to children and to the promotion of their responsible 
environmental behavior through practicing theory in real time conditions and hands on experience in 
an outdoors set up [Skanavis & Kounani 2017]. A research group of SKYROS Project, specifically 
handling educational approaches for the young, has created this well-prepared educational program 
[Skanavis et al., 2018], based on the North American Association for Environmental Educators’ 
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(NAAEE) Guidelines for Excellence [NAAEE, 2017] and the basic principles of Environmental 
Education [UNESCO, 1978]. 
A characteristic day for the adults (Table 1) and for the children (Table 2) at the ecovillage includes: 


Table 1: A characteristic day for the adults at the ecovillage 


08.00 — 10.00 | Daily workout and hiking in NATURA area, Daily workout and farming. 

10.00 — 13.00 | Participation in Summer Academy of Environmental Educators, in which they 
will educate to communicate the environmental protection message. 

13.00 — 15.00 | Break for lunch with organic food. 

15.00 — 19.00 | Training seminar for cleaner beaches, participation in environmentally friendly 
sea sports like scuba diving in beaches of Skyros Island, seminars on cultivation 
organic food, biodiversity observation. 

19.00 — 20.00 | Break for diner with organic food. 

20.00 — 22.30 | Outdoors cinema (environmental films and documentaries), outdoor mental 
activities 


Table 2: A characteristic day for the children at the ecovillage 


08.00 — 10.00 | Daily workout and hiking in NATURA area, Daily workout and farming. 

10.00 — 13.00 | Participation in Daily Environmental Camp of Skyros Port, in which they will 
educated to communicate the environmental protection message and will be 
environmental active future citizens. Topics: Biodiversity Conservation, 
Climate Change, Sea Pollution, Clean Water, etc. 

13.00 — 15.00 | Break for lunch with organic food. 

15.00 — 19.00 | Training seminar for cleaner beaches, participation in environmentally friendly 
sea sports like scuba diving in beaches of Skyros Island, seminars on cultivation 
organic food, biodiversity observation. 

19.00 — 20.00 | Break for diner with organic food. 

20.00 — 22.30 | Outdoors cinema (environmental films and documentaries), outdoor mental 


activities 


3. DISCUSSION AND CONCLUSION 


The Skyros Ecovillage Project is a proposal for establishing a vacationing site for those interested to 
actively participate in the environmental protection and sustainable living. This Project will be an 
action of Skyros Project, of Skyros Port Fund and University of the Aegean, as a prerequisite to be 
part of an economic funding. Then, this Ecovillage Project will serve as a meeting point for local 
families, members of scientific groups andvisitors of the island interested in getting involved in 
environmental protection activities in real time conditions. The local community, which until a few 
years ago lived in perfect harmony with the natural environment, can provide in a great impulse in 
the preservation of the uniqueness of the natural environment of Skyros Island [Andriopoulos et al, 
2017]. 


In a holistic approach, families who experience the ecovillage lifestyle will be communicating this 
experience to others who are in search for a new sustainable way of living. Contemporary tourists are 
more in demand of selecting their holiday destinations and activities. Therefore, “destinations are 
increasingly facing a challenge to develop new — place/product combinations which are competitive, 
unique and attractive for special interest or niche markets that want specific products and 
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environmental experiences” [Fernandes, 2011]. This is especially important for small and distant 
destinations with poor tourism resources, because when applying creative thinking, an interesting 
tourism product can be developed in any environment [OECD, 2014]. 


The adoption of responsible environmental behavior of all stakeholders (individuals, organizations 
etc.) is one of the key solutions for all modern societies and governments. The ecovillages with their 
principles and values are examples of responsible environmental behavior, a remarkable issue for 
scientific research. The philosophy behind the understanding of life and society, through the four 
dimensions (social, ecological, spiritual, economic) which are basic principles-values of ecovillages, 
can form the fundamental core of responsible environmental behavior as a response to environmental 
problems and distortions of local communities [Andriopoulos et al, 2017]. 


The successful relationship with nature is not just a pleasant task, but it is an essential component of 
the human wellbeing general goal [Plaka & Skanavis, 2016]. It is of paramount importance to 
understand children’s perspectives, since the young ones both now and in the future will influence 
and be influenced by environmental issues in many ways [Skanavis & Manolas, 2015]. The concept 
is to begin at early childhood, the environmental awareness. We are suiting for a more open-minded 
generation of adults, who by participating in this Project, would useit as a tool to connecting people 
and also kids to a common vision. This is a way to promote a new sustainable lifestyle. 
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Abstract 

This paper deals with the implementation of augmented reality technology as a means of 
communicating environmental issues and boosting environmental education for 241 school students 
in the 4", 5", 6" classes of two primary schools in Athens, during the course of Computer Science. 
Specifically, an early version of two augmented reality applications for android mobile devices were 
designed and deployed. Two activities combining this technology were designed in order to address 
environmental learning goals concerning climate change concepts and fundamental aid in the 
understanding of renewable energy resources. The study assessed whether the students liked the 
applications and the rate of knowledge change, driven by pre-post questionnaires, which were given 
both at the start and at the end of the implementation. The results showed that the implementation of 
Augmented Reality applications for environmental educational concepts have a significant 
supplemental learning effect as a mobile-assisted learning tool. Finally, the paper concludes with 
future guidelines in the field of other environmental issues of great importance. 


Keywords: augmented reality; environmental education; mobile education; climate change; 
renewable energy sources 


1. INTRODUCTION 


Today, we increasingly live between the analogue and the digital, the physical and the virtual world. 
The emerging digital systems offer new dimensions and innovative ways to challenge the 
transformation of experiences and the creation of new opportunities for interactivity. 


Many emerging technologies have been explored and proposed in an effort to optimise teaching 
methods and enhance learning experience. Augmented Reality is a relatively new technology 
promising a great tool for communicating concepts and ideas about environmental issues. Although 
AR applications for education have been implemented, their impact on learning is just beginning to 
be explored (Medicherla et al, 2010). 


2. BACKGROUND - LITERATURE REVIEW 


2.1 Environment / Environmental communication 

Environmental communication has many branches and has become an increasingly important area of 
study (Alison, 2015). Both citizens, corporations and civil servants, journalists and environmental 
groups are seeking to influence decisions that have a direct impact on the planet. (Cox, 2012). 


With the development of environmental studies, educational and professional opportunities, which 
recall the role of human communication and the affairs in environmental issues, have been created 
(Pedelty, 2015). 
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Steve Depoe (1997), argued that environmental communication is the combination of "relationships 
between our speech and our experiences from our natural environment”. 


Environmental communication is of great importance to environmental issues as it is "a pragmatic 
and structured way to understand the environment and our relationship to the natural world" (Cox 
and Pezzullo, 2015). Essentially, environmental communication is much more than the discussion of 
the different social, cultural, political, economic, and linguistic settings of the environment, but it is 
the deep understanding of the environment as well as the building of strong relationships with the 
natural world, which is the focus of environmental science (Platonova, 2016). 


2.1.1 Climate change education 

Teachers, considering the complex nature of climate change education, are required to simplify the 
complexity that lies at the science core in order to provide a more reachable way. In addition, it should 
be ensured that the simplifications remain faithful to the science, while not overwhelming the students 
(Oversby, 2015). 


2.1.2 Energy - Communication 

The advent of several new approaches that are emerging in the field of renewable energy education 
and communication are due to the globally recognized need for education and training in this field 
(Kandapal et al, 2014; Jennings, 2009). The creation of responsible energy consumers in the future 
will contribute to the promotion of environmental awareness (Liarakou et al., 2009). Education may 
be an important factor in the instillation of the youth and in the empowerment of their morality in 
order to understand and solve energy-related environmental problems (Jennings et al, 2001). For the 
acquisition of knowledge and the formation of basic values except for school and family, media and 
technology are the most important influences today (Halder et al, 2011). 


2.2 Augmented reality 
Augmented Reality can be defined as something that combines real and virtual objects in the same 
space. It is also interactive in real-time and it is registered in three-dimensions (Azuma, 1997). 


Computer interfaces can be represented as a continuum between real and virtual environment 
(Milgram et al, 1994). Starting from left to right and moving away from reality, there is an increase 
in virtual content (Figure 1). Augmented Reality can be seen as a "mixed reality" state in which 
computer-generated content is laid on top of the real world to augment the world with additional 
information. 


MIXED REALITY 
[ | 


e—a 


REAL AUGMENTED AUGMENTED VIRTUAL 
ENVIRONMENT REALITY VIRTUALITY ENVIRONMENT 


Figure 1. Reality-Virtuality Continuum (Milgram et al, 1994) 
Virtual objects used in Augmented Reality can be any computer-generated data like text, images, 
video, audio, 2-dimensional or 3-dimensional models and animations. Unlike Virtual Reality, AR 
supplements reality rather than replaces it (Bower et. al, 2013). 
2.3 Mobile augmented reality 


Over the last decade, technology has massively evolved. While the main concept of AR has not 
changed, the ways in which it can be accessed have been advanced. In recent years, Augmented 
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Reality applications tend to run on mobile or wearable devices. A Smartphone consists of all hardware 
requirements of augmented reality. This means that the hardware required to implement an AR 
application is wearable (Craig, 2013). 


The technological demands for a mobile AR application consist of the following characteristics: the 
input, either a camera or sensors such as gyroscope or accelerometer, the processing, to specify the 
type of information that is going to be displayed in the screen and the display, either a monitor, a 
handheld device, eyeglass or Head Mounted Displays (HMD) (Chatzopoulos et al, 2017). 


2.4 Augmented reality types (How it works) 
Munnerley et al (2012), refer to two main types of mobile AR applications: artefact-based (or marker- 
based) and geolocated (or location-based). 


Artefact-based AR is based on image recognition. Virtual objects are assigned to identify visual 
markers or objects, such as QR codes or bar codes (Figure 2). Though, recent technological advances 
have enabled the use of any kind of image within the AR technology (FitzGerald et al, 2013). 


Additionally, the markers can be located by the device camera. Once a marker is detected, the 
application displays a three-dimensional model, animation or video on the screen. The orientation of 
the AR object depends on the position of the marker. When you are moving the marker, the displayed 
model or animation is transformed accordingly. This technique allows the use of virtual objects, such 
as 3D models and other media displayed together with real world scenery (Figure 3) (Otilia Pasareti 
et al, 2011). 


=! 


Figure 2. AR Marker (QR code) Figure 3. Marker-based AR Application 


Geolocated AR don’t need markers, instead, they use Global Positioning Systems (GPS) and other 
position detectors (digital compass, velocity meter, or accelerometer), which are integrated in the 
mobile device. They are usually used for displaying directions, locating nearby businesses, and other 
mobile navigation applications (FitzGerald et al, 2013). 


2.5 Augmented Reality in education 

Several researchers (eg Billinghurst & Duenser, 2012; Johnson, Adams & Cummins, 2012; Chen & 
Tsai, 2012; Dede, 2009; Dunleavy, Dede, & Mitchell, 2009; Squire & Jan, 2007; Squire & Klopfer, 
2007; Kaufmann & Schmalstieg, 2003; Shelton, 2002) argued that AR technology in education could 
be identified as the most exciting and interesting teaching method. This technology has been used in 
many lessons, some of which are mathematics in geometric courses, 3D imaging of cells in biology 
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(Fugger et al) and molecular structure exhibiting in chemistry (Asai, 2005). In that way each issue 
has the potential to include more color and be more interactive for participants (Pasareti et al, 2011). 


AR allows students to challenge the limitations they have enables students to access inaccessible 
positions by giving them the possibility to have a different viewpoint. AR combines both pedagogical 
and technological additions to teaching and learning (FitzGerald et al, 2013). 


AR has more advantages compared to the traditional teaching methods. One of these advantages is 
that it activates many senses such as touch, hearing, and vision at the same time. In this way, students 
have an active participation in learning and teaching (Kaufmann, 2003). 


Additionally, AR allows access to learning content in three-dimensional perspectives. 3D offers the 
possibility of ubiquitous learning and makes learners more cooperative. It gives users a sense of 
presence and immediacy with the object of exploration. It does something that is invisible to be visible 
(Wu et al, 2013). 


More recently, researchers (Azuma et al, 2011; Martin et al, 2011) have turned their attention to the 
AR applications on mobile devices such as mobile phones (Lin et al, 2013). According to the Horizon 
2013 report (Johnson et al, 2013), in iTunes, educational mobile applications (including Enhanced 
Reality) targeting children was the second popular category of entertainment and business 
applications (Shuler et al, 2012). 


This combination of a mobile device and an application allows to digital objects to superimposed 
within real-world environments and bridges contexts for formal and informal learning (Wu et al, 
2013). The concern about AR is that learning may not be driven by pedagogy but most of the 
advantages and weaknesses of AR tools (FitzGerald et al, 2013). 


3. METHODOLOGY 


3.1 Sample 

The study was conducted in two primary schools of Athens city in Greece, during the course of 
Computer Science. Both selected schools had a medium socio-economic background. These schools 
were chosen because one of the researchers worked there as a teacher at the same period, so the access 
was easier. This study involved in total 241 students in the 4th, 5th, 6th classes, including 122 
(50.6%) girls and 119 (49.4%) boys. In the 4" grade females were 51.9% and males 48.1%. In the 5 
grade, the sample consisted of 45.8% females and 54.2% males. Finally, in the 6" grade the sample 
consisted of 54.5% females and 45.5% males. The students were in the age group of 9 to 12 years of 
age. 


4TH GRADE STH GRADE 6TH GRADE TOTAL 


m FEMALE gs MALE 


Figure 4. Gender of 4th, 5th and 6th grade 
3.2 Questionnaires 
The particular implementation lasted two teaching hours depending on the level of the class and/or 


the perceived attention that students showed during the elaboration of the implementation. The role 
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of the teacher was directive and accommodative. Specifically, a pre test questionnaire was given to 
the students to examine their former knowledge on climate change and renewable energy sources. 


This pre-test consisted of thirteen multiple choice text-based questions, as it can be seen in the 
following table, where nine of them were concerned environmental topics and four of them are related 


to their experience with AR application. Afterwards, the same questionnaire was given 


for the second 


time. Moreover, the results were not announced to the students, unless they requested their evaluation. 


The statistical analysis is conducted with the tool of Excel 2016 of Microsoft Office. 


Table 1: Questionnaires 


Do you think that the average temperature of the earth has increased? 


Do levels of sea-level rise because of the overheated Land? 


The more trees we have, the more oxygen and less carbon dioxide (CO2) is 
produced. 


Recycling helps in the reduction of carbon dioxide (CO2). 


Do human activities affect the rates of carbon dioxide (COz) in the 
atmosphere? 


Can LED lamps help in the conserving of energy? 
7 | Geothermal energy comes from a renewable energy source. 
Wind power converts the energy to electricity. 


What are the main fossil fuels that are used to produce energy? 
(You can select MORE THAN ONE answer) 


10 | Did you like the application? 


1 


Do you think that the application has helped you implement to understand better the 
environmental issues? 


12 | Do you think that the audio narrative makes is more interesting? 
13 | Would you like to have other courses with this application? 


*Pre and post questionnaire were the same. 


223 


Answers: 
L} Yes 
L} No 
L} Yes 
L} No 
_} Correct 
LI Wrong 


LI Very 
Li Little 
Li No 


LI Very 
Li Little 
Li Not 


L} Yes 

LI No 

_} Correct 
Li Wrong 
_} Correct 
Li Wrong 


_J Carbon 
LJ Gas 

LI Diesel 
fuel 

[1] Water 


Environmental education 


3.3 Application design and development 

This study demonstrates the teaching and understanding of environmental education concepts of great 
difficulty, such as Energy Sources (Renewable and Nonrenewable-fossil fuels) and Climate Change 
(causes, effects and solutions). Specifically, it explains these concepts with the use of Augmented 
Reality technology. 


Both Augmented Reality applications were designed and developed to be deployed on an Android 
mobile device. For the development of the applications two tools were used, Unity3D and Vuforia. 
Unity3D is a game engine or a game authoring instrument that is used to develop both 3D and 2D 
games and deploy them across different platforms. For the creation of Augmented Reality 
applications, the system needs an external SDK. Vuforia is an external SDK that enables Unity3D 
developers to create Augmented Reality applications on mobile devices using as targets, images or 
QR codes that can detected and tracked. (Diaz et al, 2016). 


The user activates the application and points the camera to the image target. The application then 
captures the target and recognizes it. If the recognized image matches the image target, specified 3D 
models will be loaded and displayed on the screen. The movement of the target is being tracked by 
the camera and adjusts the size of the image according to the movement (Parvathy et al, 2016). 


In the case of our applications we choose to use QR codes as image targets. These applications require 
only a smart mobile device with a camera, and the image targets printed on a piece of paper. In both 
applications, three-dimensional animated models and sound were used. 


The focus of the script was the students. Students are divided into groups and learn to use AR on their 
own. Students should explore and achieve results through team effort not being benefited from the 
presence of the teacher in the classroom. The applications had a duration of about two minutes each. 


For the first application were used two image targets (Figure 5). 


Image Target | Renewable Energy 


Camera 


Image Target 2 Fossil Fuds 


Figure 5. Energy Source application workflow 


The first image target presents the renewable energy sources, such as solar power, geothermal power 
and wind power, while the second presents the fossil fuels (coal, oil and natural gas). The result is 
shown in Figure 7. 


For the second application were used only one image target (Figure 6). 


Climate Change 


Figure 6. Climate Change application workflow 
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The second application deals with the phenomenon of climate change. At first, we present the causes 
of temperature increase, such as deforestation and burning fossil fuels that increase CO2 emissions, 
then we show the impact of the above, such as ice melting, sea level rise and desertification. Finally, 
we propose various practices to reduce the progress of climate change such as recycling, energy 
saving and reduce car usage. A screenshot is shown in Figure 8. 


Figure 7. Wind Power Figure 8. Climate Deforestation 


Both applications are tested on Android smartphone Xiaomi Redmi 4A with Qualcomm Snapdragon 
425 Quad-core 1.4 GHz. 


4. RESULTS 


This study correlated on the supplemental learning effect of AR-based learning tools in a course 
teaching environmental concepts as climate change and renewable energy resources. 


The results recorded after the conduction of the questionnaires are divided into two categories. The 
first concerns the level of change of knowledge by the students and the second concerns the students' 
opinion about the learning experience with the AR application. Tables 2 and 3 show the comparison 
between the grade obtained by the students when they performed the pre-test and the post-test. Pre- 
test scores will represent students’ learning outcomes before, and post-test scores will represent 
students’ learning outcomes after using the AR applications. 


The results showed that the change of knowledge for the 4" grade was 29.5%, the change for the 5 
grade was 25.6% and the change for the 6" grade was 21.7%. The next factor that is examined is the 
change of learning experience that was 38% for the 4th grade, 32.3% for the 5th grade and 26.9% for 
the 6th grade. 
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Table 2: The results of questions about knowledge change 


4TH GRADE 6TH GRADE 

Q. BEFORE AFTER CHANGE Q. BEFORE AFTER CHANGE 
1 15.8 42.2 26.4 1 1 17.6 49.5 31.9 
2 20.4 48.2 27.8 2 2 15.9 40.8 24.9 
3 17.1 46.8 29.7 3 3 23.6 493 25.7 
4 16.4 42.2 25.8 4 4 28.3 38.2 9.9 
5 19.1 42.9 23.8 5 5 22.5 39.5 17 
6 15.1 47.2 32.1 6 6 22.4 49.7 27.3 
7 13.2 422 29 7 7 243 42.1 17.8 
8 72 48.2 41 8 8 20.4 414 21 
9 16.4 46.2 29.8 9 46. 9 16.4 36.2 19.8 

Total 15.6% 45.1% 29.5% [Total 20.8% 46.3% 25.6% Total 21.3% 43.0% 21.7% 


Table 3. The results of questions about learning experience 


4TH GRADE 6TH GRADE 
Q. BEFORE AFTER CHANGE Q. BEFORE AFTER CHANGE 
10 a 47.5 23.8 40.8 10 236 40.8 17.2 
11 9.9 45.3 35.4 53 11 9.9 53 43.1 
12 9.9 55.1 45.2 53.1 12 123 23.1 10.8 
13 9.9 57.3 47.4 53 13 146 51.2 36.6 


Total 13.4% 51.3% 38.0% [Total 17.7% 50.0% 32.3% |Total 15.1% 42.0% 26.9% 
5. DISCUSSION AND CONCLUSIONS 


Due to the widespread Internet access and the increased use of laptops, Augmented Reality (AR) is a 
phenomenon that over time has seen an increase in mobile devices (FitzGerald et al, 2013). This study 
attempted to demonstrate the state of the art in innovative means of technology such as Augmented 
Reality were effective in teaching environmental issues. 


Our results verify that the cognitive performance of students in primary schools is reinforced by the 
AR tool according to the study. In addition, students opposed to the tool of AR are receptive and have 
a positive attitude as they enjoy the exploration experience. 


In total, the change of knowledge for all grades was 25.6%, while the change of learning experience 
was 32.4% on average of all grades. The best rate was achieved on learning experience with 32.4% 
total change, which can be said that was expected based on previous studies. 


The future objective is to conduct an experimental test involving more students and include other 
environmental topics. Furthermore, we want to observe how this AR tool compares with other 
learning software beyond traditional teaching methods. Finally, one difficulty we faced was that in 
primary schools is forbidden to use mobile phones. 
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Abstract 

In this study, primary school students were assessed on their environmental knowledge on recycling, 
upcycling, their attitudes and willingness to change behavior, after their exposure to digital social 
stories. Specifically, we propose the creation and the application of particular teaching interventions 
in classes of primary school of Greece. This implementation concerns the use of a web tool, Pixton, 
to educate students on the process of recycling, reusing and reducing. Specific digital stories with 
recycling content were created by the participant students under given guidelines, developing their 
own stories. In order to conduct the survey, 689 students participated from both urban and rural 
regions. The results have shown that the implementation with Pixton tool has influenced the level of 
knowledge, attitude and willingness to change behavior of the students. 


Keywords: Recycling, Digital storytelling, Environmental attitude, Willingness to change behavior, 
Education awareness, Learner-generated comics 


1. INTRODUCTION 


The most effective way to reduce waste is to not create it in the first place. A lot of materials and 
energy is required in order to make a new product. As a result, reduction and reuse are the most 
effective ways you can save natural resources, protect the environment and save money (EPA, 2018). 
These three concepts, in combination, could make society adopt a greener, environmentally friendly 
behavior (EPA, 2018). 


According to several studies affective factors, such as emotional affinity, empathy, and sympathy are 
of greatest importance in the procedure of predicting pro-environmental behaviors (Allen & Ferrand, 
1999; Geller, 1995; Kals, 1999; Mayer & Frantz, 2004). The emotional status seems to be the key 
factor for the children's attitude toward environment, but the investigation about the reasons behind 
environmental behavior of children surfaced supplementary outcomes. Another stated factor that 
influences pro environmental behavior is the connection to nature (Cheng & Monroe, 2010). 
Additionally, being environmentally educated from an early age has the consequence that people, by 
all available means, learn to care for the planet, be familiar with nature and be part of an 
environmentally active community (Plaka & Skanavis, 2016). Briefly, the more experiences 
individuals have in their childhood, including school and family activities, the more likely it is to 
have an environmentally friendly behavior when they grow up (Plaka & Skanavis, 2016). 


Recent years have seen the need to transform environmental education from passive knowledge into 
active action through the expression and the communication of students’ own ideas with the use of 
activities like storytelling, photography and environmental drama (Tsevreni, 2011). Each of these 
activities has been recorded as helping children understand better reality, become active members of 
the community they belong to and develop decision making skills (Tserveni, 2011). 
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Children should be encouraged to be involved, by expressing and communicating their experiences, 
ideas and emotions about their environment and their everyday life (Barratt et al., 2007). The aim of 
this study is to examine how environmental concepts of Recycling, Reducing and Re-using can be 
transmitted and transmigrated through the expression and the communication of students’ own ideas. 
Taking the above into consideration, in this research, an attempt was made to comprehend the impact 
on students’ knowledge, attitude and willingness to change behavior using a lecture in recycling 
concept and DST (Digital Storytelling). 


The fundamental issues of this study are briefly presented including the concepts of environmental 
education and in particular the related concerns based on Recycling, Reducing and Re-using. 
Subsequently, Digital Storytelling and the Pixton tool are described. The results from this research, 
showed that after class implementation based on addressed tools, students were more aware of 
recycling and upcycling. This in turn affected significantly their opinions and later on their attitudes 
and willingness to change behavior towards the mentioned practices. 


2. BACKGROUND AND LITERATURE REVIEW 


2.1 Environmental Education (EE) 

Environmental education is considered to be the best way to create citizens with environmental 
conscientiousness (Nicolae, 2005), but it is also directly linked to environmental protection behavior 
as well as greener life choices (Schauer, 2006). 


Environmental Education programs influence positively students' environmental beliefs, attitudes and 
behavior (Ballantyna et al., 2001), (Dresner & Gill, 1994). Particularly, educational interventions in 
field trips and other school-based programs with the aid of technology indoors affected the 
environmental knowledge and attitudes of students and in some cases their behavior (Rickinson, 
2001). However, Rickinson (2001) supports “The field of EE research lacks evidence that EE 
promotes long-term behavioral changes”. 


Environmental education can be defined as the process through which the knowledge and experience 
of environmental problems are the keys to the creation of environmentally sensible people with 
perceived environmental behavior and with an ultimate goal for a positive attitude towards the 
physical world, its preservation and its protection (Rakotomamonjy et al., 2014). In other words, it is 
considered to be the most powerful tool to make young people think and act greener and more 
environmentally friendly (Schauer, 2006). 


Especially, environmental education referring to the children/students, shapes the citizens of the 
future. In this way, our society is improving by people who are more environmentally aware with a 
deep respect for the environment (Varga et al., 2007), (Cheong, 2005). 


2.2 Recycling, Reducing and Re-using 

One of the most extended environmental problems humanity is confronted with is solid wastes. The 
strongest and most successful solution is recycling (Jekria & Daud, 2015). According to the United 
States Environmental Protection Agency, recycling is the procedure of collection and selection of 
materials that otherwise would be considered garbage and turn them into new products after being 
processed (EPA, 2018). 


The more people that are involved in recycling, the more willing they are to be engaged in these 
practices (Barr, 2007). Some of the benefits of the recycling for the society as total and earth as well, 
include the decrease of contamination from poisonous gasses, the protection of regular assets and 
vitality, the incitement of financial and innovative advancement and the safeguarding of assets 
(Prestin & Pearce, 2010). 
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2.3 Digital storytelling 

Fletcher and Cambre (2009) have found that digital storytelling can be a dynamic classroom practice 
when used “as a pedagogical tool that brings the creator/student and the viewer together in a dialogue 
around nature based on representation, meaning, and authority embedded in imagery and narrative”. 


According to Robin B. R. (2016. p.18) Digital Storytelling: 


“consolidates the craft of recounting stories with advanced media, including a mixture of content, 
pictures, recorded sound portrayal, music and video. These multimedia elements are blended together 
using computer software, to tell a story revolving around a specific theme or topic and containing a 
particular point of view. Most digital stories have the short length between 2 and 10 minutes, and are 
saved in a digital format that can be viewed on a computer or other device capable of playing video 
files...” 


2.4 The tool of Pixton 

Pixton belongs to the category of learner-centered tools, shifting the focus from teaching to learning 
(Azman et al ,2016). That means that Pixton gives all its priorities to personalized, differentiated and 
empowered learning. Opportunities provided to students focus on sharing comics, collaboration on 
projects with other students and commenting on each other's work, contributing to a high value 
involvement (Anderson, 2008). 


Pixton is accessible through web browser and from smartphones, tablets, and computers. There are 
three different types of user accounts, Pixton for Fun, Pixton for School, and Pixton for Business. 
Pixton for Fun offers limited options to users, such as the ability to share and remix content with 
others. Additional options are only available to users who sign up to Pixton for School. Pixton for 
School allows teachers to create classroom and individual accounts, in order to assign activities to 
students and rate them at the end (Pixton, 2018). 


Pixton can be integrated into the classroom and across the curriculum over different educational 
modules and subject areas such as Computer and Technology, History and Social Studies, Science, 
World Languages, Fine and Performing Arts, Mathematics, Special Education, Economics and 
Health Education (Pixton Lesson Plans, 2018). 


3. METHODOLOGY 


In the context of the survey, students were given lectures on recycling in combination with comics 
created by them through the Pixton app. In particular, the students received a pre-assessment 
questionnaire to assess their existing knowledge, behavior and attitude in relation to recycling. 


Afterwards, researchers delivered a short lecture based on a PowerPoint 2016 presentation in order 
to impart concepts about recycling like the practice of reusing something for its original purpose 
(conventional reuse) or fulfilling a different function (creative reuse or repurpose). 


In addition, the presentation included visual means (multimedia) explaining recycling, reusing and 
reducing concepts. Then, students, following specific instructions, developed their own storyboards 
and T-chart using the Pixton tool. Afterwards, participants were given the same questionnaire as a 
post-test, with the exception of the four questions concerning willingness to change behavior. After 
implementation, the students continued their course in the respective disciplines. 


3.1 Sample 
The selected schools had all an average common socio-economic background. The reason the 
particular schools were chosen, was based on the provision that there was parental consent. 


In the 3rd grade, the respective students were 113 (17%) from urban areas; female 45% and male 
55%. In the 4th grade, the sample consisted of 133 (19%) students from urban areas; female 47% and 
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male 53%. In the 5th grade, the sample consisted of 120 (18%) children from urban areas; female 
46% and male 54%. Finally, in the 6th grade the sample consisted of 110 (16%) children from urban 
areas; female 45% and male 55%. 


Concerning rural areas, in the 3rd grade, the respective students were 37 (5%); female 51% and male 
49%. In the 4th grade, the sample consisted of 36 (5%) children; female 58% and male 42%. In the 
5th grade, the sample consisted of 54 (8%) children; female 52% and male 48%. Finally, in the 6th 
grade the sample consisted of 86 (12%) children; female 56% and male 44%. The students were in 
the age group of 9 to 12 years of age. In total, 689 students took part in this study, 355 (52%) female 
and 334 (48%) male. 


TOTAL % TOTAL% 


MFEMALE mMALE 


Figure 1 & 2: Total students of urban and rural region - Gender of urban and rural schools 


3.2 Questionnaire 

The questionnaires regarding recycling were consisted of 22 questions. The study took place during 
autumn of 2017. This survey had to be fulfilled within 2 or 3 teaching hours of 45-min school time 
period. External variables causing delays had to do with attention span of students and their level of 
understanding related issues as well as bureaucratic obstacles on the permission given to enter the 
classroom. Questionnaires were anonymous. Knowledge, attitude and willingness to change behavior 
were assessed by this survey. There were 8 questions on the knowledge of respondents and 4 
questions that were associated with attitude. Furthermore, there were 6 questions that were dealing 
with the willingness to change behavior regarding recycling concepts. A pre and post questionnaire 
was given to the students. The two questionnaires were identical, concerning the parts of knowledge 
and attitude. The parts with enquiries of willingness to change behavior were altered to the post 
questionnaire. Moreover, the results were not announced to the students, unless they requested them 
for their own assessment. 


3.3 Learning tool (Pixton) and activities 

The implementation of the above activity is achieved with Pixton web software. At this stage, students 
were invited to create a timeline that reflected the lifetime of an object of their everyday life 
depending on the material that was made from. Once the scheduled timetable had been completed, 
students were asked to create an illustrated story of a character (student) presenting 3 different 
activities mentioned in the above practices (reusing — recycling — reducing) to be implemented at 
school (eg. material recycling, use of reusable utensils, water conservation, electricity, etc.). In the 
evaluation phase students were asked to create a mind map with Pixton that illustrated a variety of 
activities of 3R’s that they could perform in their daily lives. This would show whether the students 
have achieved the objectives set out from the beginning and acquired the new knowledge from the 
activities that preceded them. In this activity, students learned how to find useful information on the 
Internet. This tool helps them to successfully use the creation of alternative and more attractive 
representations of teaching material by teachers who have no specialized knowledge about painting 
or comic design (Lazarinis et al., 2015). 
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Table 1: Questionnaire 


5 
a 
z 
: 


It makes me happy when people recycle used plastic bottles paper and aluminum 


Attitude 
Q cans 


It troubles me when I think how much things people are throwing away that could 
be recycled 


Ihave asked my family to recycle things we use 


Attitude 


Q10 | Knowledge | In comparison with normal paper the recycled paper 

Q11 | Knowledge | Where do most trashes go after they are thrown in garbage trucks? 
Q12 | Knowledge | The main problem with landfills is that 

Q13 | Knowledge | Pre-recycle means that 

Q14 | Knowledge | Objects that cannot be recycled and used again are 

Q15 How important is recycling for the conservation of natural resources 


Q16 | Knowledge | How important is recycling as a component of solid waste management 


Q17 Do you recycle at your house? 

Q18 In the future you are going to 

Q19 I recycle to preserve natural resources 

Q20 I recycle for charitable purposes 

Q21 I recycle so that I can make money 

Q22 I recycle because it seems like the right thing to do 


Below, the scenario is described: 


A. In the first activity the students create a timeline that will display the maximum lifetime of every 
object-material that we throw in trash (from least to bigger). Each panel should include description 
with the estimated decomposition lifetime, an appropriate picture and include an appropriate 
description for each object-material. 


B. In the second activity the students create a storyboard that present a student and depicts three 
activities; each one will also refer to a different practice, which can be implemented at school. One 
will refer to reducing, one to recycling and one to reuse. The activity was identified, by including 
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appropriate description, a dialogue that describes the activity and a corresponding image for each 


table. 
paper 


Use silverware and 
dishes instead of plastic 
utensils & plates 


Figure 3: Second activity — Storyboard 


C. In the third activity the students create, a mind map that illustrates a variety of activities for 
reducing, reusing and recycling. Each panel should include a title, an appropriate picture and a 
detailed description. 


Figure 4: Third activity - Mind Map 


4. RESULTS 


Regarding total result of urban and rural region concerning knowledge, the change for the 3rd grade 
was 48.9%, the change for the 4th grade was 56.8%, the change for the 6th grade was 65.5% and the 
change for the 6th grade was 74.1%. The category of attitude gave us results such as 57.7% for the 
3rd grade, 56.6% for the 4th grade, 56.9% for the 6th grade and 59% for the 6th grade. For all these 
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questions concerning willingness to change behavior, it was recorded that the change was 59.3% for 
the 3rd grade, 51.3% for the 4th grade, 52.9% for the 5th grade and 54.6% for the 6th grade. 


Specifically, from the questions concerning knowledge in urban region, the change for the 3rd grade 
was 39.2%, for the 4th grade, 46.1%, for the 5th grade 39.4% and for the 6th grade was 54.6%. The 
change of attitude category in urban was 47.6% for the 3rd grade, 45.3% for the 4th grade, 36.8% for 
the 5th grade and 44.4% for the 6th grade. The category willingness to change behavior of the 
participants in urban region was 46.8% for the 3rd grade, 45.3% for the 4th grade, 42.4% for the 5th 
grade and 40.7% for the 6th grade. 


Particularly, for all the questions concerning knowledge in rural region, 10% was the change for the 
3rd grade, 10.6% for the 4th grade, 24.8% for the 5th grade and 19.2% for the 6th grade. The change 
of attitude category in rural region was 11% for the 3rd grade, 11.3% for the 4th grade, 25.1% for the 
5th grade and 14.6% for the 6th grade. The change in the willingness to change behavior of the 
participants in rural areas was 9.6% for the 3rd grade, 5% for the 4th grade, 12.7% for the 5th grade 
and 13.8% for the 6th grade. 


In urban, in 3rd, 4th, 5th and 6th grade, the willingness to change behavior was 53.8%, 31.9%, 47.4% 
and 51.4%. Whereas, in rural the 3rd, 5th and 6th grade had a change of 17.8%, 7.3%, 21.1% and in 
the 4th grade the change was 4%. 


The most remarkable observations concern the questions with the greatest differences in the 
percentages, being the 13th and 14th questions. In particular, in the 6th grade of the urban region, it 
was recorded that in total, there was the biggest change of 64% and in the 14th question, there was 
also the biggest change of 64.6% compared to other school classes of the urban and rural regions. In 
attitude category of the urban and rural region, the 3rd grade has increased a level of 57.7%, 
respectively in fourth grade, the increment percentage was 56.6%, in the fifth grade was 56.9% and 
in the sixth 59%. As for the question 8 that delineates also attitude, there were observed larger changes 
on average in all classes of urban, from 25.5% to 45.5%, except at 5th grade of the urban area that 
the students’ answers showed a 15.7% increase after the intervention. 


Notably, in question 8 at rural region in the 3rd grade the change was 15.1%, in the 4th grade 9.2%, 
in 5th grade (bigger of other classes) 30.3% and in the 6th grade 13.1%. It was remarkable that in the 
sixth grade of primary school concerning question 18 of the attitudes group, there was the highest 
success rate of 64%. Of course, there is an exception at the fourth grade of rural areas whose 
environmental attitude was improved only by 11.2%. 


Another noticeable question was 22. The change in urban areas was from 32.5% to 49.1%, whereas 
in the rural areas the change was from 4% to 39.5%. Taking into consideration the questions 
concerning willingness to change behavior, it is observed that there is a stable total change in all the 
grades of urban and rural areas from 47.2% to 140.1%. 


Table 2: Total changes in 3rd 4th 5th and 6th grade of Urban Region 
3RD GRADE 4TH GRADE 


47.82 87.69 39.26 37.21 83.39 46.18 48.49 89.63 ; 27.21 81.81 
40.88 88.53 47.65 40.45 85.77 45.32 46.28 79.73 $ 30.25 74.73 
45.32 91.05 46.88 40.45 85.77 45.32 47.62 88.42 2. 46.65 87.43 


3.52 14.21 10.68 21.13 19.25 
7.57 18.92 11.35 2 28.77 25.17 . 19.40 14.60 
11.98 18.02 5.03 7.57 29.7 2.7 2 23.03 13.81 
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Table 4: Total changes in 3rd 4th 6th and 6th grade of Urban and Rural Region 
3RD GRADE 4TH GRADE 


BEFORE AFTER CHANGE |BEFORE AFTER CHANGE |BEFORE AFTER CHANGE |BEFORE AFTER CHANGE 


52.86 101.83 40.73 97.59 56.86 51.01 116.60 65.59 28.7 102.94 74.17 
49.10 106.77 48.02 104.68 56.66 51.53 108.49 56.96 35.05 94.12 59.07 
50.58 109.90 52.43 103.78 51.35 65.18 118.17 52.99 55.86 110.46 54.60 


5. DISCUSSION 


Understand what shapes the children’s attitude toward the environment is of vital importance if one 
wishes to administer the necessary skills to face the environmental problems of our society in their 
adulthood (Cheng & Monroe, 2010). In Greece, formal environmental education in the mandatory 
part of the school system (primary and secondary) has not fully reached the desired results on a 
responsible environmental behavior of participating students (Karamperis et al., 2016). 


The formulation of environmental knowledge, attitude and behavior from young ages play a crucial 
role in recycling and reusing campaigns, especially when complex solutions are applied. In order to 
succeed a satisfying deepening in environmental education, it is necessary to associate it to all three 
forms of education (formal, non formal, in formal) from an early age (Plaka & Skanavis, 2016). While 
there are numerous technical policies and solutions for transmitting environmental concepts like 
recycling, changing the behavior of individuals from an early age will be the most critical component 
of the process (Vaughter, 2016). This paper’s results are in alignment with results from prior research 
projects. 


The results strongly suggest that the production of digital stories can improve students’ knowledge, 
attitude and willingness to change behavior about recycling. This confers to the main goal of 
environmental education that aims to ameliorate the knowledge of people on the subject, restructure 
the assertive attitude towards the environment within a contiguous positive behavior (Jensen & 
Schnack, 1997). In particular, the total results regarding knowledge showed that the proportions were 
modified before and after the implementation. Comparatively, it is recorded the total knowledge of 
urban and rural region the 3rd grade was increased in a level of 48.9%, respectively in fourth, the 
growth percentage was 56.8%, in the fifth grade was 65.5% and in the sixth 74.1%. 


In fact, the national Greek curriculum shows that environmental education is being taught only up to 
the fourth grade of primary school. After this grade, scattered topics are concluded in biology, 
geography, physics and chemistry subjects. Students also amply demonstrated that educational, 
digital comics could assist them to understand difficult technical and scientific content. These 
findings align with prior claims that comics were able to assist students’ comprehension (Mallia, 
2007) (Recine, 2013) (Yildirim, 2013). 


A remarkable observation with recorded big changes in the percentages concerns question 5 that 
represents the willingness of the respondents to change their behavior. In these questions there was a 
difference between classes, depending on the region. This asserts the few studies that have been 
conducted into the impact of environmental education on children and youth which show that the 
level of environmental awareness is relatively low and the willingness to change behavior differs 
depending on the region, type of area (urban/rural) and school (Domka, 2001). 


In sum, DST is time-consuming and some educators believe that it is an effort that is tedious 
(Theodorou et al., 2017). That is, because it may take students several attempts at creating digital 
stories before they demonstrate proficiency in technology and knowledge on the topic (Dogan & 
Robin, 2017). As with all new instructional methods, students will need time to learn using DST 
(Dogan & Robin, 2017). During the research, relative inefficiencies were identified concerning 
mostly technical problems. Another barrier that appeared in this particular research was the slow 
internet connection that caused problems to the speed and the quality of the process. In addition, the 
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hours that primary school teachers offered were limited and that created difficulties in the overall 
completion of the process. 


6. CONCLUSION 


Future implications of this study would involve the improvement of the particular programs in order 
to stabilize the role that students can acquire as dominants and leaders of environmental knowledge, 
attitude, as well as the appropriate behavior in both family and community through educational 
constructivist methods such as the applications of DST. 


Although there are no similar surveys on the use of DST in the environmental education in Greek 
primary schools, it is clear from our results that DST can be a very useful tool in the field of 
environmental education, and more specifically in the teaching process of recycling concepts. The 
findings of the research could be a starting point for a series of studies that would further analyze the 
use of DST in other environmental issues in education. It’s also very important to mention that the 
use of DST in the classrooms gives students the opportunity to become familiar with technology and 
to include it more easily into the learning process. 


From the above, it can be seen that, this research provides us with a lot of interesting and enlightening 
data while presenting the possibilities for far-reaching research as well as the systematic use of DST 
for environmental education. Having already shown the positive results that can arise from the use 
of digital tools such as Pixton in environmental education, a next step would be to explore the effects 
of using other similar tools such as WebQuest with the content of environmental education. 
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Abstract 

Climate change that has taken place over the last few decades requires a different approach of the 
environment. For this reason, a different philosophy and behavior of citizens is needed, characterized 
by respect and proper use of the environment, stimuli acquired mainly through education. The aim of 
this paper is to identify the problems and the dissuasive trends as well as to highlight actions and 
motivations for environmental awareness and activation, in order to show and build an innovative 
and efficient model of education and mobilization. This research was carried out using the 
"questionnaire" method, as well as the statistical analysis and the statistical sample came from 
students of secondary and tertiary education in Northern Greece. In particular, it focused on the active 
population of society so as to have on the one hand the necessary maturity required for the problems 
to be taken into account and on the other hand the potential for immediate activation. 


Keywords: Environment, Education, Innovation, Action, Questionnaire 
1. INTRODUCTION 


The education comes from the verb educate, which means raise, form, edify. It is the process of 
acquiring knowledge, developing skills and competencies, and forming values. As far as 
Environmental Education is concerned, it is the education about the environment that places it as an 
area of our daily life and contributes to the development of knowledge, attitudes, abilities and action 
for its preservation, protection and restoration. Its aim is to raise awareness of environmental issues 
and on these issues by social groups and citizens. The definitions for Environmental Education are 
varied and have been given from time to time by various operators and environmentalists. The first 
definition of Environmental Education was given by the International Union for the Conservation of 
Nature organization in 1970 [17], although along the way the most acceptable definition was given 
by UNESCO in 1977 [17] in Tbilisi of the former Soviet Union. All the definitions that have been 
expressed and formulated have as a common denominator the responsible and harmonious 
relationship between the man and the environment. Environmental education is governed by three 
dimensions [17], [Figure 1]. The Education around the Environment on the accumulation of 
knowledge about the biophysical dimensions of the environment, the Education in the Environment 
that highlights the beneficial effect of the person's contact with nature and finally the Education for 
the Environment which introduces the notion of citizen responsibility for the fate of the environment 
in which two trends have been formed, the technocratic, which claims that technology has the 
potential to provide solutions to environmental issues, and the ecocentric, which considers that 
science and technology can not by themselves provide solutions. These three dimensions are not only 
not contradictory, but instead complement one another, and in combination they all define the modern 
concept of Environmental Education, that is, an Education that meets the needs of modern times and 
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builds a constructive relationship between the man and the nature. In general, Environmental 
Education (EE) has been progressively developed since the 1960s in America and Europe [13] with 
the aim of raising environmental sensitization of citizens and the prospect of opposing the widespread 
perception that considers man as the sovereign of the nature. Particularly important was the first 
international working meeting in Carson City, Nevada, USA, [6] in 1970, on EE where the term 
“Environmental Education’? was introduced in international vocabulary. At the Stockholm 
Conference (1972), the role of EE is recognized for environmental protection and the results of the 
conference include the establishment of the United Nations Environment Program (UNEP) and the 
expansion of new ministries of the environment worldwide [3]. During the 1980s, the new notion of 
‘Sustainable Development’ is changing the environmental data [13]. Specifically, it is introduced in 
1987 with the publication of the Brundtland report by the World Commission on Environment and 
Development and it is adopted by the Rio International Conference [15] on Environment and 
Development in 1992 and by the Thessaloniki Conference (1997) [9] [10]. Sustainable Development 
is adevelopment that meets today's needs without limiting the potential of future generations to cover 
their own needs. UNESCO (2005) declares an Implementation Plan [16] that concerns Education for 
Sustainable Development in the Decade of Education (2005-2015) so that its principles and 
characteristics can be reformed. Today Education for Sustainable Development is considered to be a 
stage of Environmental Education as Environmental Education evolves continuously with the sole 
purpose of shaping responsible citizens actively involved in socio-environmental issues. The present 
paper aims at the emergence of an innovative model of education that puts the trainee rather than the 
trainer in the centre, free of using rote memory as a learning technique, but instead linked to modern 
educational techniques that focus on practice rather than theory. The paper was based on the 
"questionnaire" method introduced to secondary and tertiary education students in Northern Greece 
and on the results and conclusions that resulted, in bibliographic research as well as in interviews 
with secondary and tertiary teachers. 


ENVIRONMENTAL 


EDUCATION 
he Education for the |A | The Education in the 4 
Environment Cy Environment A 
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Figure 1: The three dimensions that govern Environmental Education 
2. THE SURVEY 
2.1 The aim 
The survey put young people in the lead as pupils and students constitute and represent the active 
population and the future of the country. The aim of this research is to put the trainee in focus and to 


formulate the trainers' stimuli, pulse, needs, crisis and suggestions. This endeavor does not follow 
and does not identify with traditional education but opposes and conflicts with it. It does not 
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marginalize the pupil's - student's needs, requirements and necessities as he embraces and assimilates 
them [8]. It does not begin in order to end up with the trainee as a conservative package of education 
and knowledge which while it is referring to him and it is determined for him not only does not give 
him the maximum weight required to reform the education system but does not even take his or her 
opinion into account for this equation. Instead, the innovative education model proposed is started by 
the trainee so as to end up with him. Today's era sets a different approach to the environment more 
timely than ever, which couldn't not start from the classrooms. Thus this innovative model of 
education sets its foundation in the first stages of education but with its heart beating at secondary 
education, since should children have built the appropriate environmental background in previous 
classes, they will be able with the appropriate maturity to apply what they were taught, to take 
initiatives and to coordinate and take the lead in more actions [14] in their future life, such as in higher 
education, in which they may continue. It will also contribute to the creation of radical change 
concepts body that will reschedule organizational structures, build an environmentally responsible 
and active citizen, a person in direct contact with the environment, promote a new concept and 
philosophy for the environment, and emphasize the position and the role of the man in this [12]. It 
will also emphasize the need to face the ecological crisis and the demands of the ecological movement 
in order to create conditions that will prevent the emergence of similar crises in the future. Hence, the 
aim of this paper is the education model [7] proposed to constitute the vehicle for challenging and 
introducing changes in traditional education through the use of innovative approaches to reality, the 
opening of the school to life, the resolution of real problems and the learner's active participation [5] 
in the learning process with modern educational methods and techniques. 


2.2 The method 

The survey was carried out with the help of a questionnaire, which was distributed to pupils of 
secondary education and to students of higher education, schools and universities of Northern Greece 
respectively. No specific place or school or university was selected so that the sample would be more 
representative and reliable. In particular, 368 questionnaires were distributed and 309 completed in 
October-November 2016. The data after being collected were put for statistical analysis and for 
conclusions. The questionnaire was formed in full association with the objectives, the research goals, 
the age, the stimuli and the psychology of the participants on the basis of the relevant 
literature[3][7][1]. In all questions the children were asked to answer on a five-level scale where 1 
was identified with "not at all" and 5 with "very strong" as well as optionally with the addition of a 
comment or a detailed answer. In particular, it included questions in which respondents identify 
problems and deterrents and assess the impact of each individually on the concept of environmental 
consciousness [2]. The questionnaire was also enriched with questions about the emergence of 
solutions, proposals and actions to achieve an environmentally friendly behavior, environmental 
sensitization and activation [14]. At the end of the questionnaire, there are questions about the socio- 
demographic details of the person completing it, which relate to gender, age, class or year, and the 
type of study respectively, as well as the place of origin and the activities the person maintains. 


2.3 The sample of the survey 

The young people's view, coming from the answers given by pupils and students to the specific 
questionnaire adapted to the psychology of age, knowledge, stimuli, experiences and the other 
characteristics that govern them [1], was imprinted, analyzed and expressed with statistical accuracy, 
with observations and fruitful conclusions. Specifically, 78% of the pupils and 83% of the students 
answer that the environmental education learning techniques and how they are taught are not 
attractive and do not cause interest. Then 68% of the boys as well as 76% of the girls paint as the 
main disincentive of the environmental process, the non-active attitude of the state combined with a 
simple theoretical approach to the environmental crisis as dissatisfaction to inertia, procrastination, 
distraction from actions, social events, the promotion of environmental awareness and radical changes 
to the curriculum that has never been applied, was developed. Another analgesic factor that was 
determined by almost the entire sample with 92% was the predominant position of memorization and 
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rote memory. Questions related to the offer and activity so far have shown that students with artistic 
activities and students of social sciences (psychology, special education, etc.) have developed to a 
greater extent the feeling of volunteering. It has also been recorded that children from rural areas in 
relation to children living in urban centers as well as those engaged in sports directly related to nature 
and to environment, have shown greater interest in recycling and similar actions. Moreover, the age 
factor was considered at many points crucial as the 19-year-olds (19) seemed to be more mature and 
more aware of the importance of the problems faced and studied by environmental education. While 
in the process of identifying problems and dissuasive trends pupils of theoretical direction and 
students of theoretical sciences showed greater ability and intent to identify them, but in the process 
of highlighting actions and proposals they came second since students of positive direction and 
students of natural science and Polytechnical Universities have shown greater readiness, willingness 
and ability to propose solutions, organize and coordinate actions as well as to work on innovative 
programs. Some of their suggestions were the use of models and software as well as the wider use of 
technology and the internet, such as the use of the latter as a mechanism for promoting and raising 
awareness and developing broader partnerships. In the question of what are the main components for 
finding solutions and developing actions, the dominant responses were motivation and dialogue as 
they were not selected only by the small percentage of 7%, while in the question of whether the 
institution of the group, by using learning methods centered in this, would help the educational 
process, 86% responded positively. Finally, in the crucial and all-important question whether it is 
feasible and profitable to make radical changes in environmental education and education in general, 
almost the whole sample with the percentage touching the absolute and specifically with the 
overwhelming percentage of 98% answered "Yes", [Figure 2]. 


Figure 2: The statistical representation of the sample according to whether they want changes 
in the form of the current Educational System. 


Analytically, young people are looking for new learning techniques and methods, learner-centered, 
focusing on example, experiment, application, and more generally on the practical part [4]. In those 
that provide appreciable motivation to the apprentice and not to the techniques being a consequence 
of existing traditional education that puts the focus on sterile memorization and rote memory. An 
experiential education that in addition to the essential and necessary knowledge will provide the 
student with the power of discernment as well as the necessary tools that will shield him for tomorrow. 
The sample of the survey as far as the teachers views is concerned, that were elicited through the 
interviews, harmonizes and moves in a very large part of it in the same context while it opposes to 
very few individual views that were adopted and supported by the teacher-centered method. 
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3. INNOVATIVE TECHNIQUES OF AN EXEMPLAR EDUCATION SYSTEM 


3.1 The model 

Taking into account the sample of research, ie the results and conclusions that have been reached, 
bibliographic research [2], interviews with secondary and tertiary educators, psychology and the 
needs of youth [1] as well as the technological and scientific evolution of the era, a study and research 
was carried out to build an innovative model of education that promotes learning techniques tailored 
to the occasional learning level of each era starting from primary or even pre-primary education and 
ending with tertiary education and its extensions. 


A model of education not moving within traditional education [10] but introducing a new form of 
learning that will be experiential and more effective [12]. A learner-centered learning with high 
interactivity, communication and participation that pulls the learner out of the background and puts 
him at the forefront giving him a leading role [5]. An education that hears and respects his voice and 
his opinion [8], which allows him to experience and even lapse into errors without, of course, 
affecting the respect and dignity of each individual as the error will be an opportunity for 
improvement and the starting point for a set of actions that will evolve him and complete him as a 
person and personality. 


The instructor's monologue is replaced by the discussion and the direct and universal participation of 
apprentices with new radical methods and innovative education techniques aimed at utilizing all the 
senses so that new knowledge can be easily and more efficiently engraved in memory. For example, 
if the knowledge ends up to the trainee visually and verbally, then since people use two sensory 
organs, there are now two "ways" to retrieve this information from their memory in the near future. 


Through this the trainee is not trying to acquire a conservative and impersonal knowledge package 
but to acquire and build a philosophy of thinking that will accompany him to the environmental 
problems and dilemmas and to his everyday life in society. More simply, a way of thinking and acting 
that perceives situations and stimuli him correctly and through specific stages and a large scale of 
practical knowledge and skills not only leads him to a solution but to a range of solutions through 
which the student may choose the best [11]. 


This process, ie algorithmic thinking and action [Figure 3], which is proposed in the current education 
model for the learner, follows a sequence of things and events starting from the perception and 
diagnosis of a problematic situation. Then create scenarios and set goals. Afterwards, the trainee 
continues collecting, organizing and coordinating information and data in order to arrive at a range 
of possible solutions. Having the right knowledge base he defines the criteria for choosing an 
appropriate solution and chooses the most appropriate. By completing this logic, the trainee creates 
an action plan based on the best solution and achieves his purpose. Of course, at the end of each such 
act, he enters the evaluation process with the goal of self-improvement and the achievement of better 
results in the future. 


f 


POSSIBLE BEST 


DIAGNOSIS fl PROCESSING OLUTIONS SOLUTION 


Figure 3: Algorithmic thinking 
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3.2 The trainer's role 

The trainer's role is of crucial importance as he is the one who will apply these techniques and 
methods, educate young people and try to lead them to their original goals [11]. In the context 
proposed, the role of the trainer does not endorse the dominant role adopted in traditional education 
[10] but introduces a new aspect that makes him co-star with the learner, having as his sole concern 
the active involvement of the young and his goals achievement. In particular, he is the one that will 
provide the knowledge, stimulate the learner's interest and introduce him / her into the educational 
process with the element of challenge, not by leaving him as a mere observer and passive recipient 
[5] [1]. In this model, the trainer's duties do not only not decrease but instead increase as we speak of 
a much more demanding process. . Specifically, the trainer is asked to effectively organize and plan 
the teaching before practicing it and additionally while he is supervising the work of the students, 
providing support and guidance, encouraging and puzzling the young. Even to provide, if necessary, 
feedback on the young, to lead him to consciously work, to keep children at a desired pace, to identify 
the advantages and disadvantages of their work and to control the process. He also links teaching with 
pre-existing knowledge, provides a wealth of sources of knowledge, aims at high interactivity, 
communication and feedback, teamwork, research, cooperation, uses participatory strategies [4] [11], 
constitutes a role model, spares time to propose alternative solutions for the best result, to give the 
appropriate instructions and to advise thoroughly. Finally, to ensure everyone's involvement and the 
right approach to the problem concerned. It is understood that all of these methods are not only 
teacher-centered and do not follow the beaten track but instead collide frontally with traditional 
education. Thus, the trainer simply acquires a coordinating, organizational and counseling role, that 
is, more limited, giving space and time to the apprentice with the sole aim of his spiritual shielding 
as well as his independence. 


3.3 Techniques - Methods 

Techniques and methods [4][14] designed to frame this innovative environmental education model 
place the learner in the center and all the rest around him. They aim at applying and acting to 
meaningful understanding rather than sterile memorization and rote memory. They relieve the trainee 
from a passive receiver and place emphasis on high interactivity, collaboration, technology, science 
advances, and effective strategies [5]. Below, a range of techniques, methods and teachings are 
presented that could be used for more efficient and up-to-date education [11]. For a better illustration 
of the concept, the content and the correlation of the techniques and methods were grouped together. 
This, in any case, does not imply that techniques that are not placed in the same group are strange to 
each other and that when applied one another cannot work complementarily. They all adopt features 
that make them attractive, appropriate and efficient, but a number of criteria highlight which one or 
which ones are the most appropriate. 


Group 1 

e Problem Solving 

e Decision-making Method 

Group 2 

e Debate 

e Avalanche 

e Brainstorming 

e Questions and discussion inspired by Socrates method (maieutics) [18] 
Group 3 

e The Jigsaw Method 
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e Teams, Expert Groups 

e Games, Role playing 

e Project Method, Interdisciplinary teaching 
e Case study 

e Dramatization 

Group 4 

e Experiment 

e Models-Modeling -Using software in teaching 
e Multimedia presentation 

Group 5 

e Learning Stations 

e Educational Visits, Theater-Cinema 
Group 6 

e Demonstration 

e Description and explanation 

e Concept maps - Virtual representation 


e Fairy tale 


The choice of the appropriate method depends on the age, the stimuli, the knowledge and the 
background [1] of the learners, the goals and the strategies [11] of the teaching, the content and the 
objectives set for the environmental education, the trainer's judgment, the time available and 
infrastructure. 


4. CONCLUSIONS — DISCUSSION 


Based on the findings of the research in which the apprentice starred, the weaknesses, concerns and 
dissuasive tendencies in environmental education were perceived and his intentions, needs, attitudes 
and perceptions were clarified. In addition, solutions and suggestions for action and mobilization 
were expressed, but most important the main request of young people for radical changes in teaching, 
methods and learning techniques was expressed and depicted [11] [4]. As a result of all this, an 
innovative model of education that respects the apprentice is designed and characterized as a learner- 
centered model which focuses on application, motivation, action, inspired and based on efficient 
strategies [14]. Subsequently, on this model a range of methods and techniques was presented 
distinguished by high interactivity, participation, use of groups, dialogue, actions and use of 
technology. In the effort to choose the most appropriate one at a time, the question of which is the 
best is also addressed. The answer is that there is no good or bad method, because in each individual 
case some method will be seen as the most suitable. For example in preschool and small classes of 
elementary education and environmental education, is singled out and recommended by group 6 the 
teaching through fairy tale, games and multimedia, while in larger classes of primary schools through 
Learning Stations, Experiment and Project Method. Moreover, for the first classes of the secondary 
education, the Decision Making Method, the Jigsaw Method, Dramatization and the Method with 
questions and discussion inspired by Socrates method (maieutics) [18] stand out. While in larger 
classes that children have developed a good level of maturity and knowledge, methods of the second 
group can be approached, such as Debate, Interdisciplinary Teaching, Brainstorming and Avalanche. 
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Finally, the Problem Solving, Expert Groups, Case Study and the use of modeling (modeling) and 
software, which is a basic tool in scientific research, are particularly recommended in higher 
education, especially when the representation and study with the use of real objects seems impossible. 
Such an integrated and innovative model of education offers many opportunities and resources to 
young children and, at the same time, good coordination and good organization makes it capable of 
approaching in an alternative and efficient way Environmental Education, Environmental awareness 
and Ecological education so as to provide the best strong results for the environment as well as for 
the whole society. 
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Abstract 

It is widely recognized that there is a strong relation between planning, sustainable development and 
environmental management: planning is an essentially collective, public interest activity, which 
operates to secure the efficient and effective development and use of land (in the public interest), and 
today a planning system should aim at guiding policy formulation and decision making towards the 
goal of sustainable development. In most developed countries, the planning system is seen as a key 
instrument in the delivery of sustainable development. Effective use of resources and materials, 
energy efficiency, sustainable water resources management, atmospheric conditions and climate 
factors and effective waste management towards a cycle economy reflect some crucial parameters 
that can be related to planning in the 21* century. 


In the present paper, examples of how sustainable planning strategies are implemented in several 
urban areas internationally, are presented and conclusions are reached towards the target of 
sustainable communities and high quality of life in urban areas. Furthermore, it is examined whether 
and how the new Hellenic planning framework, as described by the Law 4447/2016, is capable of 
establishing a stronger connection between future planning projects and sustainable development in 
communities and urban areas. Special focus is placed on Local Spatial Plans, which reflect the new 
key instrument for sustainable planning of Hellenic municipalities, while only predictions can be 
made, as the new planning framework has not yet been implemented in practice: the technical 
requirements of the new planning projects have just been enacted in June 2017 (Ministerial Decision 
27016/2017). Therefore, assumptions can be made, based on similar planning projects’ experience, 
on the efficiency of the new tool in promoting sustainable urban planning, diminishing the urban 
‘footprint’? of Hellenic municipalities and dealing successfully with bureaucratic processes in 
planning projects until their final approval by the necessary Presidential Decree. It is predicted that 
Local Spatial Plans of the new Law 4447/2016 will be more effective in protecting ecologically 
sensitive areas, promoting more effective waste management and sustainable transport mobility; 
however, they will demand a great effort and extended time to be finally, approved by a Presidential 
Decree. 


Keywords: Sustainable urban planning, General Local Plans, Local Spatial Plans, The Law 
4447/2016 


1. INTRODUCTION 
Planning, as a system or an essentially collective, public interest activity, is regarded as a key issue 


towards sustainable development, for many reasons: in most developed countries development plans 
may include specific ‘green’ measures; secondly, environmental subjects may be placed at the front 
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of the plans, affecting the strategic options of the plans in other issues; and thirdly, development plans 
may use sustainability criteria in all of their proposed development policies. Thus, land-use planning 
is expected to meet the most critical objectives of sustainable development, such as economic 
competitiveness, urban regeneration, rural diversification, sustainable transport and mobility 
schemes, social inclusion, health and safety, and creation of sustainable communities. In order to 
meet such targets, the planning system may: develop policies related to renewable energy supply and 
use; promote sustainable transport by reducing traffic volumes, especially in cities, and encouraging 
cycling and walking; develop waste management practices based on the implementation of recycling 
and waste minimization methods; protect habitat, ecologically sensitive areas and wildlife sites, as 
well as cities’ green space; and, finally, protect surface and ground water bodies, as well as minimize 
air pollution, especially in cities and industrial areas [1]. As a result of this, General Local Plans, as 
planning projects at municipality level, aim at promoting sustainable economic development, 
encouraging and supporting of regeneration and social justice, and maintaining and enhancing of the 
natural heritage and built environment quality [2]. General Local Plans influence economic 
development and environmental protection by four main means: they offer inspiration, commitment, 
guidance and control [3]. However, planning entails a participative democratic political system in 
order to be considered as an effective tool for the conservation of resources and the control of 
pollution and therefore, a necessary condition for the achievement of sustainable development [4]. 


Simultaneously, the notion of sustainable communities is in the center of planning attention, followed 
by the ideas and values of democracy, public participation, social and ecological harmony, and social 
cohesion [2]. And sustainable communities include the flexibility to adapt to new conditions, in order 
to cover the economic and social needs of their members, as well as enhance a high-quality 
environment [5]. Therefore, sustainable communities are based on: professionals that support with 
their knowledge all other community members; community problems identification by all members’ 
participation; solutions to problems deriving from community members; introduction of sustainability 
issues and indices to all community activities; public participation and consultations at all levels of 
decision-making; and finally, social and cultural development by contribution of all community 
members [6]. Major sustainability criteria for such communities and urban areas refer to issues of 
local governance, urban design, innovation and competitiveness, consumption patterns, resources 
management, global change impacts, urban transport and mobility, public space, spatial development, 
etc. [7]. Especially for cities in developed and high-industrialized countries, the environmental targets 
are set towards: minimization of per capita energy consumption and air emissions; minimization of 
impacts to natural resources and ecosystems; use of renewable resources, replacing fossil fuels; 
minimization of use of toxic substances and materials with substantial ecological footprint; and urban 
design enhancing high quality of life through citizens’ health protection [8]. For this reason, the idea 
of urban ecology has also been developed since the 1990s, which regards urban areas as ecosystems, 
concentrating its efforts in assessing the urban environment and its biodiversity, in order to ensure 
better quality of life and high standards for their citizens [9]. Eco-cities show major emphasis on their 
structure, by copying the structure of the nature, while they include mostly two strategic goals: 
sustainable urban mobility and urban biodiversity conservation [10]. 


2. PLANNING PARADIGMS TOWARDS SUSTAINABLE COMMUNITIES 


Following the trend of the 1980s and 1990s, related to the strong relation between planning and 
environmental sustainability through the urban environment, many examples can be found in 
European cities: 


e In Berlin, Block 103 is mentioned as an example of successful urban and social regeneration by 
transforming old buildings, occupied by several citizens (squatters), to modern ecological 
buildings, using new materials for energy efficiency, and showing emphasis on water resources 
consumption and green space available. After the regeneration project, the squatters were offered 
the opportunity to own the apartments they occupied. In Berlin, in the area Mitte another 
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regeneration project took place in the 2000s, as an effort to make the capital of Germany cleaner, 
‘greener’ and ‘friendlier’ [11]. 


e In Manchester and Glasgow, major urban regeneration projects took place in the city centers 
(roads “Crown” and “Merchant City” in Glasgow and “Hulme” and “Whitworth” in Manchester), 
by enhancing housing activities in the city centers, as well as cultural projects e.g. the Museum 
of Science and Industry in Manchester and Glasgow Royal Concert Hall, as an effort to ‘revive’ 
the central urban areas [12]. The ‘Manchester 2020’ plan involved an effort to change and 
ameliorate the urban environment, by: conservation, restoration and protection of the natural 
environment, farmland and assets critical to public health and safety; conservation, restoration 
and protection of cultural and historic resources; redevelopment of commercial centers and areas 
with mixed land-uses; concentration of development around transportation nodes and major 
transportation corridors; and expansion of housing opportunities and design choices in several 
housing types. The plan also set a number of specific goals and targets e.g. for less ‘greenhouse’ 
gases emissions, less energy consumed, less traffic loads in urban areas, more green space in 
urban areas, introduction of renewable energy resources and more jobs related to environmental 
protection and management [2]. 


e In Parma, plastic wastes are transformed into building material and in Rimini, an eco-station was 
created for waste management by former drug addicts. The Oeiras project, a successful program 
in the metropolitan area of Lisbon, reduced the amount of wastes disposed in the landfill, offering 
also the inhabitants the possibility to produce a high-quality fertilizer for their gardens [11]. 


e In many European cities programs for minimization of the use of vehicles in the city centers were 
implemented: Naples and Perugia historic centers are no more accessible by vehicles; Amsterdam 
is the capital city of the bicycle; in Copenhagen and Minster approximately 35% of all trips are 
done by bicycles; in Zurich and La Rochelle bicycles are offered for free to inhabitants and 
visitors; in many European cities the trams are important factors of the transport systems; in 
Heidelberg, Freiburg, Basil there are areas of low noise; and in many Danish cities, in Paris, 
Barcelona, Maastricht programs for road accidents minimization were implemented, as well as, 
efforts to enhance the social bonds of the citizens [11]. 


Almere and Milton Keynes are two cities in the Netherlands and Britain, both designed in the 1970s, 
for a population of around 200,000 inhabitants; however, they are mentioned as a typical example of 
how urban planning affects urban mobility, which is related to major environmental impacts. The 
different philosophy in urban design between the two cities led to five times more use of the bicycle 
in Almere, although the average trip distances in both cities are almost the same (around 7 km), while 
local trips are 20% more in Almere, reflecting the notion of its inhabitants to support local markets. 
On the other hand, for this average trip of around 7 km in both cities, the time needed is 30% more 
in Milton Keynes, which reflects worse traffic conditions than in Almere, with negative impacts in 
energy (fuel) consumption for transport and air pollution [2]. 


Table 1: Basic urban transport characteristics for Almere and Milton Keynes, both designed 
for a population of around 200,000 inhabitants 


Basic urban transport characteristics Almere Milton Keynes 
Percentage of trips by private vehicles (%) 43.1 % 65.7 % 
Percentage of trips by bicycle (%) 27.5 % 5.8 % 
Average distance travelled per trip (km) 6.85 km 7.18 km 
Average trip duration (minutes) 11.0 min. 14.5 min. 
Percentage of local trips 74 % 60 % 
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e In Swansea, after the industrial decline of the second half of the 20" century, the urban 
regeneration project led to: the Enterprise Zone in 1981, the first and largest in Britain, which 
contributed to physical and economic inner city regeneration; the Maritime Quarter 
redevelopment comprising the old docklands of the city offered physical and economic benefits 
to the waterfront; and promotion of housing in the city center by expanding the residential 
function in inner city area, bringing back people to the center [13]. 


e In Greenpoint-Williamsburg of Brooklyn, New York, one of the poorest and degrades urban area 
of the city, a program of environmental benefit was implemented, in cooperation with the 
Municipality and local people; the aim was environmental monitoring by local people, in order to 
reveal pollution sources and environmental problems, so as to be dealt successfully, early as 
discovered. This program enhanced social cohesion and the development of trust and cooperation 
between the local people [2]. 


e In Singapore and Hong-Kong an excellent public transport system was developed, especially by 
using modern electric trains and small, flexible buses. Apart for pedestrianization schemes and 
many new bicycle routes, Singapore imposed taxes on citizens for their private vehicles. Finally, 
a major parameter in Singapore was also the use of technology in planning, e.g. by enforcing e- 
commerce, while the government was committed to offer innovative and transparent policies and 
guarantee for security in the urban area and political stability. Singapore is now considered as a 
‘smart’ city for the effective transport system. 


e In Frankfurt, the major business and economic European center. a roadmap for a 100% renewable 
energy supply was set in 2008, defining the main strategies and instruments to achieve this goal 
by 2050. This master plan for 100% climate protection involves 50% reduction of energy 
consumption, which will be achieved by energy savings and energy efficiency. Energy will be 
produced 50% in Frankfurt and the rest in the Region of Rhine-Main. Another strategic plan of 
the city in 2010 is related to noise reduction, by new green belts with bicycle lanes only, upgrade 
of rail infrastructure and the use of new materials in road construction. During the period 1990- 
2010, water consumption by households and small enterprises was reduced by 14% and the 
surface of green space and recreational areas was increased by 16.5% [14]. 


Curitiba, the 7" in size city of Brazil, is well known for its public urban transport generated in the 
1980s, its integrated urban planning and the less number of accidents per 1,000 vehicles in Brazil. 
City expansion to cover vast housing needs was followed by commercial activities and several other 
services developed in new urban areas, while major pedestrianization schemes were implemented in 
the city center, together with a renovation program of historic buildings. The result was not only to 
make the city center accessible, eco-friendly and attractive to citizens, but also to attract various 
cultural activities too. The urban public transport system serves more than 1,9 million inhabitants 
daily, by the use of 2,160 buses. Bus lanes and traffic management succeeded in cutting down 
economic expenses; consequently, it was realistic to implement an economic transport policy, which 
was in favor of many inhabitants with low annual income. The bicycle network includes more than 
120 km of bike lanes, mostly leading also to parks and recreational sites (Figure 1). In urban planning, 
the period 1960-1980 was characterized by successful cooperation between the central government 
and local stakeholders, while flexibility in solving quickly urban problems and public participation 
in decision-making were in the center of its attention. Nowadays, Curitiba is believed to be the 
ecological capital of Brazil with 28 parks and forest areas in the city, with an average surface of 52 
m° per inhabitant. Ecoville is famous for its high buildings surrounded by dense green space in 
between them (Figure 2). The mobilization of local people in environmental management issues was 
catalytic in enhancing green space, in waste management issues, such as recycling of several waste 
streams as well as organic wastes (Figure 3). Social issues were also dealt with success: social housing 
was constructed for citizens with very low income; the ‘Lighthouses of Knowledge’ project in the 
1990s constructed 50 small buildings in the city, offering books and internet access to citizens, as 
well as organizing several cultural activities (Figure 4); 40 special social centers offer for free food 
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and education to homeless children, while industries, which reflect a major economic activity in 
Curitiba, cooperate in the project for homeless children, offering them the opportunity to work in 
some special jobs like gardening or even office work; and two small buildings, located in two major 
road corridors, . The industrial activities in the city area diminished their environmental impacts by: 
using heat produced as by-product for heating purposes of communities; re-using and recycling of 
wastes; and implementing the basic principles of industrial ecology. The example of Curitiba is 
strongly related to a multi-level successful cooperation between the municipality, several 
stakeholders and local people [15]. 


Figures 1 and 2: Bicycle lanes in Curitiba of the 120 km network and the area Ecoville with 
high buildings and much green space in between them 


Figures 3 and 4: Effective urban waste management and a ‘Lighthouse of Knowledge’ 
building 


Ljubljana, the capital city of Slovenia, is also famous for its environmental performance. The 
surface of green space in the city represents approximately the 2/3 of the total urban area, which 
reflects an index of 560 m? per inhabitant, including parks, forest areas, farmland and protected 
natural areas, as a result of a rehabilitation program of brownfields. “Natura 2000” protected areas 
represent more than 20% of the surface of the urban area. The bicycle lane network, a network to 
rent a bicycle, a monthly card for public transport system that offers a transfer trip for free for the 
first 90 minutes and a small number of electric vehicles reduced traffic loads in the city center, as 
well as air pollution. In 2007 an ecologic zone in the city center was introduced, where vehicles 
are not allowed to enter, and in 2013 it was expanded. The last decade there is a major program 
for public buildings, in order to reduce energy consumption mostly in schools, nurseries and in 
sport centers. In the city center, the urban waste disposal network is underground and a program 
for waste minimization was implemented; as a result of this, the annual average amount of waste 
disposed per capita was diminished by 52 kilos in three years, from 2009 to 2012. A major 
strategic goal is also set: to inform citizens and professionals on innovative projects, activities, 
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competitions, issues and problems, which are related to the environment, so as to participate in 
decision-making or expand their professions [16]. 


e In Vancouver, the Canadian city with the smallest footprint in per capita CO2 emissions of all 
cities in North America, the Greenest City Action Plan aims at a strong local economy, inclusive 
and vibrant neighborhoods, and an internationally recognized city that meets the needs of future 
generations. An important role is identified in local people, governmental institutions and private 
stakeholders, which need to cooperate effectively to take initiative and action to make change 
possible. In the economic sector, ‘green’ professions are enhanced, as well as ‘green’ economy in 
general, including ‘green’ technology, products, construction, urban transportation, waste 
management, etc. A good example is the Olympic Village, which was constructed in 2010 for the 
Winter Olympic Games and used methods for energy efficiency and reduction of energy 
consumption produced by fossil fuels, while today the area is used as a residential area, mixed 
with commercial land-uses, services and recreational parks. In the transport sector, walking and 
cycling were increased from 18% to 22% of total trips, while with the Program ‘Share the Road’, 
in four neighborhoods for some hours every day, vehicles were not allowed to enter and roads 
were transformed to playgrounds. In waste management, the ‘zero-waste’ production was set, 
including waste minimization, recycling and reuse, and the Vancouver Tool Library was invented, 
in order to share several tools for do-it-yourself and gardening. Finally, the Program ‘Our 
Welcoming Community’ aims at social inclusion of any vulnerable citizens or groups, so as to 
help them and support them with their problems [17]. 


In Hellas, the example of the village Anavra should be mentioned as a vey interesting example of 
building sustainable communities. Anavra, a small mountainous village in Thessaly Region, Regional 
Department of Magnesia, seemed to be a typical Hellenic mountainous village, difficult to access, 
with poor infrastructure in terms of road, social aspects, and environmental management, and its 
economy was based on livestock farming. In the 1990s a major change took place, by implementing 
a scheme of redevelopment in terms of infrastructure projects and economic activities, as well as 
environmental protection: all livestock farms were transferred to three new livestock parks, well- 
organized, with freshwater installation and waste management techniques; pasture areas were made 
accessible by new roads and water infrastructure; organic farming was set as an important target in 
the primary sector; seminars and education programs were organized for the farmers; the road 
network was reconstructed, as well as the water supply network, and a sanitary landfill was 
constructed in 1994; regeneration of public space took place by several projects for pedestrian roads, 
parks, car parking and appropriate lighting; new buildings were constructed for the kindergarten, the 
primary school, the athletic center and housing for the teachers to cove their needs for free; a folklore 
museum was opened, a community library was organized and a cultural center was built to support 
several events, conferences, etc.; energy is produced by anaerobic digestion of livestock wastes, 
which is used to heat water from a central boiler and heat all houses in the village; the Environmental 
— Cultural Park was established in the natural environment nearby. Sustainable economic activities 
provide jobs for all citizens and zero unemployment is identified, when in Hellas unemployment rates 
are more than 25% the last years of the economic crisis. Anavra community was funded by some 
economic resources deriving from a private investment of a wind-energy park, located in the 
mountainous next to the village and this is how it was possible to support such development and 
social projects. Apart from funding, there was a Mayor with a vision, looking for the change and local 
people who were happy to participate in this project. Now the “miracle” of Anavra is fading away: 
since 2011 Anavra has been part of the Municipality of Almyros, with 43 settlements and 18,614 
inhabitants (census 2011); thus, the economic resources from the wind farm are now available to the 
whole municipality and not the Anavra community only. 
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3. PLANNING PROSPECTS IN HELLAS: IS IT POSSIBLE TO MAKE IT HAPPEN? 


3.1 The past experience 

Sustainable communities, ‘smart’ cities and many other titles are given to efforts to make urban areas 
sustainable in terms of energy, transport, waste management, social inclusion, economic 
development, etc. In European cities, as well as many other cities all over the world, many examples 
can be found towards these goals and targets, while local authorities and citizens offer their 
commitment to ameliorate the quality of life in urban areas and leave a better world to future 
generations. However, in Hellas, many cities are still one or two steps backwards and very few 
examples can be found, describing environmental planning activities. This may be explained by 
looking briefly at the history and experience of planning in Hellas. 


Although town planning legislation in Hellas has existed since 1923 (a Decree about Town Plans), it 
took 60 years to establish technical requirements for urban and local planning projects at the level of 
each community administrative boundaries (Law 1337/1983 “On the Extension of Cities and Towns, 
Urban Development and Associated Arrangements”), while in the 1980s the Urban Reconstruction 
Operation was responsible for many Community Local Plans and many urban plans all over the 
Hellenic Territory, aiming at covering future housing needs in many settlements and controlling 
unauthorized urban sprawl [18]. It is worth mentioning that the Law 1337/1983 dealt only with urban 
areas, areas within their town limits, and there was no provision for rural areas, all areas in-between 
urban areas; thus, there was no control of land-uses leading to conflicts in land-use patterns, which 
were defined according to private investments. 


It is not until the late 1990s that the Law 2508/1997 “Sustainable Urban Development of Cities and 
Towns of Greece and Associated Arrangements” and the Law 2742/1999 “Regional Spatial Planning 
and Sustainable Development’, try to keep up with European planning policies, covering spatial 
development at urban, regional and national level and completing the institutional framework of the 
contemporary planning system in Hellas [19]. The Law 2508/1997 regulates spatial planning at the 
municipality level (General Local Plans, GLPs), which involves many settlements and their in- 
between rural areas. It is an important law, bringing together environmental issues, sustainable 
development and planning at a local level, as it clarifies that: GLPs are obligatory for all 
municipalities and so land-use maps are produced, for the Hellenic territory; regeneration and 
rehabilitation schemes of declining urban areas are in the center of attention of planning; there are 
specific implementation mechanisms (urban planning studies) that are part of the whole planning 
process; and, each GLP deals with the definition not only of land-use patterns within urban areas of 
all of its towns, but also of the whole area of the municipality (urban and suburban land, agricultural 
land, forests, etc.). Finally, UPSs are conducted in order to implement GLPs’ proposals, defining new 
building areas, new streets, open green space and space for social facilities, building regulations, etc. 
and the whole planning process is terminated by the Implementation Plan, which is officially recorded 
in the appropriate Land Registration Office. The Law 2742/1999 provides with all necessary 
regulations in relation to the targets and the principles of planning [20]. It is the first legislative 
document introducing the environmental dimension in planning and this is proved by: firstly, the 
adoption of the concept of sustainability, as perceived in the European Union, in regional planning; 
and, secondly, there is an extensive reference on the protection of nature (article 15) and on the 
necessary requirements in order to create managing authorities of the protected areas. 


Planning in practice suffers from many deficiencies: it takes 5-10 years for the approval of a GLP by 
the competent public authorities and 10-20 years for the approval of urban planning studies by 
Presidential Decrees, as the State Court interferes in the approval process; public participation is 
generally weak; bureaucracy and excessive regulation, as well as too many petitions for annulment 
of administrative acts and administrative judges in Hellas, producing too many norms and principles 
in spatial planning and a failure in successful decentralization of spatial planning responsibilities, as 
discussed by Oikonomou (2013) [21]. Therefore, some new legal framework has been established 
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since 2014, making changes in the “heart” of the planning system in Hellas, in an effort to tackle the 
deficiencies recognized by many authorities and practitioners. 


3.2 The new legal framework 

The Law 4269/2014 “Spatial and urban planning reform — Sustainable development.” was enacted in 
the 28" June 2014: in Part A the new planning system and its tools are described, as well as the basic 
processes for planning at all levels; and in Part B the new categorization of land uses is set, by 
changing completely the old Presidential Decree for land uses of 1987. The latter was very useful and 
important because since 1987 many new economic activities and land uses have risen, as well as 
activities related to environmental management and protection, such as wastes recycling, composting, 
etc. or renewable energy resources infrastructure, complex touristic development, technology parks 
and industrial activities related to innovation, etc. However, there was not enough time for ministerial 
decisions to be enacted in order to define some necessary details and technical requirements of the 
new planning tools and projects, since elections took place in Hellas in January 2015 and the new 
government elected abolished this law. 


The Law 4447/2016 “Spatial planning — Sustainable development and other provisions.” was enacted 
in the 23 December 2016, replacing the abolished Law 4269/2014, at least the Part A, because the 
issue of a new framework for up-to-date land uses is not included in the new legislation. Its most 
important aspects are briefly mentioned below: in Part A all new definitions are described, as well as 
the major parameters of the new planning system; Part B is related to Strategic Spatial Planning (SSP), 
by describing the tools of Special Planning Frameworks and Regional Planning Frameworks; Part C 
is dedicated to Regulatory Spatial Planning and refers to the Local Spatial Plans (LSP), the Special 
Spatial Plans (SpSP) and Urban Implementation Plans; and several other provisions are mentioned in 
the rest of the Law e.g. aspects of waste management and recycling issues (green points). 


The Law 4447/2016 is important as it introduces a completely new planning system with novel 
planning tools, especially at municipality level with Local Spatial Plans and Urban Implementation 
Plans, as well as Special Spatial Plans aimed at spatial development mostly of public parcels of large 
areas for touristic or other exploitation and development. The past planning system with General 
Local Plans and Urban Planning Studies needed an average period of 15 — 30 years in order to be 
approved and implemented; however, the Law 4447/2016 defines that Local Spatial Plans include all 
aspects of the abolished General Local Plans, but also the regulatory framework of the Urban 
Planning Studies as well and this is the reason why the planning projects are approved by Presidential 
Decrees. More specifically, Local Spatial Plans define all land uses in the municipality area and in 
detail in every town and settlement of the municipality, while they also define land use patterns in 
each town area, as well as possible urban expansions to cover housing needs or specific future 
economic activities. They also define the building regulations that are enacted in each urban area, 
within its town limits. Thus, the new planning framework sets a target of planning at municipality 
and town level simultaneously and this way, it seems that new planning proposals will be easier 
implemented in less time than in the past. Planning projects of all levels are also followed by 
environmental appraisal by Strategic Environmental Assessment, as described by the Ministerial 
Decision 107017/2006. Two Ministerial Decisions 27016/2017 “Technical requirements of the Local 
Spatial Plans” and 27022/2017 “Technical requirements of the Special Spatial Plans” define the 
details of these planning tools. The technical requirements are quite detailed, however, there are 
questions to be answered when the first planning projects will be assessed and implemented. The 
Ministry of Environment and Energy is currently seeking for funding, in order to commence Local 
Spatial Plans in municipalities in all Hellenic Regions and a possible solution could be to exploit EU 
funding of the Programming period 2014-2020. When the first pilot Local Spatial Plans begin, 
planners and all teams participating in the problems will face up difficulties and problems related to 
technical and procedural issues mostly. 
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4. DISCUSSION AND CONCLUSIONS 


After presenting successful planning examples of cities all over the world, towards sustainable urban 
development and commenting on the immaturity of the planning system in Hellas, since the early 
1980s, some conclusions may be reached related to the new planning framework that has been 
enacted since 2016, which seems to be some steps forward than the planning framework of the past, 
offering an opportunity to propose, approve and implement planning projects of several levels quicker 
than before. It could also be criticized that the new planning system, in terms of technical 
requirements, is in favor of the use of modern tools, such as Geographic Information Systems, digital 
spatial data available, etc. More specifically, the strengths of the new planning system can be 
summarized as follows: 


It offers the idea to municipalities of “one stop shop”, meaning that with just one planning project 
(Local Spatial Plan) the municipality will be able to set all necessary planning and building 
regulations, measures to protect the natural, cultural and built environment, proposals to enhance 
sustainable economic development and social inclusion. Municipalities will have the opportunity to 
plan starting from a more strategic level to a more detailed level, solving problems arising from the 
implementation General Local Plans approved from 2000 up until now, as well as several 
environmental issues, such as waste management, water resources management flood risk 
minimization programs, etc. 

e The technical requirements of the Local Spatial Plans imply the use of modern tools and 
technology aspects e.g. the use of Geographic Information Systems, satellite spatial data and 
satellite images, data from the operating cadastral offices related to the properties of all land 
parcels, data from the operating Forest Cadastre to define officially forest areas in the 
municipality, etc. 


e By using digital spatial data and Geographic Information Systems, Local Spatial Plans will be 
more flexible, easier to organize and present the necessary and available data in maps and the 
aftermath, after their final approval by a Presidential Decree, will be related to the fact that the 
LSP will be a valuable tool for the municipalities to be used for land uses monitoring in the future, 
etc. Consequently, LSPs will add value to the municipalities and they will be used as a valuable 
tool from several municipal authorities for many purposes. They may well contribute to 
implement e-governance at local level, with all advantages related to the establishment of 
transparency and democracy through participatory in decision-making. 


e It is also an excellent opportunity to organize effectively all data used in the LSP in appropriate 
data bases and for this reason, all data will be assessed for its quality and reliability, consequently, 
there will be references for the data used, affecting positively the quality of the LSP. Thus, the 
GIS will be able to support municipal authorities even after the LSP is approved. 


e LSPs, as being approved by Presidential Decrees, will have the opportunity to change any other 
plan of the past, “correcting” it, in favor of environmental protection and generally, local 
communities. It is underlined that urban legislation in Hellas seems to be a “labyrinth”, since the 
1980s, as many important issues defined in laws, ministerial decisions, etc. have been “blocked” 
by the State Court several years after they have been enacted. By this way, it was impossible for 
many planning projects to be implemented by local authorities. Such deficiencies may be dealt 
with successfully by LSPs because before being approved by Presidential Decrees, they will be 
examined by the Law Department of the State Court, controlling whether all proposals are 
compatible with every piece of urban legislation. 


Although the new legislative framework reflects a major “step” forward for planning in Hellas, there 
are some questions still waiting for an answer: 


e First of all, digital spatial data in Hellas is still missing: only a small percentage of Hellenic 
territory is covered by the cadastre, the forest cadastre; especially in rural territories cadastre is 
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more missing, because emphasis was shown in urban areas; and much other spatial data, such as 
town limits, “Natura 2000” area limits, etc. exist in digital form, but their reliability is doubtful, 
while this is the most important parameter. It is easy to have access to a polyline in its digital 
form, but it is very difficult to find a “reliable” digital polyline. Consequently, LSPs will have to 
struggle with this issue, unless they stay “inactive” until the projects of cadastre and forest 
cadastre are finished. However, this could not be the proper solution; on the other hand, data used 
in LSPs has to be reliable also because such studies are approved by Presidential Decrees and 
mistakes are not “forbidden”. 


Secondly, the total time needed from the beginning of a LSP Study to the final approval by 
Presidential Decree is estimated in at least 10 years, taking into consideration the past experience 
of the Urban Planning Studies, as the planning process is almost the same. Approval by 
Presidential Decree means that at the end of the whole process of planning, the outcome as well 
as some other crucial parameters e.g. the results of public consultations and participation are 
submitted to the Ministry of Environment and Energy; then the whole process is checked and the 
proposed plan is finally examined by the Law Department of the State Court — all proposed plans 
of all Hellenic municipalities will have to pass this final legal control, which will result in great 
delays. 


Thirdly, delays in time needed for the final approval of LSPs by Presidential Decree may bring 
more delays and the need to change some planning proposals of the LSPs. For example, the 
Special Framework of Spatial Planning and Sustainable Development for Tourism was enacted 
for the first time in Hellas in 2008 and in 2013 a new Framework was enacted in order to include 
complex and major investments in tourism. However, sometime in 2015 the State Court decided 
that the Special Framework of 2013 was not compatible with Hellenic Constitution and few 
months later the same decision affected the Framework of 2008; Hellas has no more a strategic 
plan for tourism! And GLPs needed to alter many of the proposals each time there was a new 
decision of the State Court related to the Framework of Tourism. This is an example of how more 
delays may be introduced in the whole planning process. 


Finally, and most important, it is not at all obvious how such LSP Studies may introduce 
sustainable criteria in environmental management, economic development and social inclusion or 
how they can enhance initiatives and projects like the ones described in paragraph 2. Past 
experience has shown that municipalities and local people are willing in promoting their own 
interests, while many times environmental protection is regarded as an obstacle to their targets. 
Although LSPs will be approved by Presidential Decrees, this does not guarantee that the plans 
will include such proposals in order to promote “smart” cities, sustainable communities, etc., but 
they only guarantee that the plans will be 100% compatible with all urban legislation in action. 


To sum up with, there are many reasons to be optimistic about the new legal framework for planning 
and the new planning system that is introduced. New procedures need to be implemented and public 
participation should be enhanced in order to succeed in producing the best possible plans for local 
people. However, it would be of great benefit to planning, if all legislation related to spatial and urban 
planning could be simplified and if more tools related to e-governance were introduced in the new 
planning process. 
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Abstract 

The planning system is Albania is currently under reform, while in many municipalities General Local 
Plans (GLPs) are conducted, with the aim of environmental protection of ecologically sensitive areas, 
housing needs definition, new technical infrastructure identification, future development action 
prediction and new building regulations’ formulation for urban areas. Within the planning process, 
there is an effort to enhance public participation, through specific procedures with public hearings 
and specialists’ meetings, promoting publicity and thus, transparency. As part of the planning process, 
Strategic Environmental Assessment (SEA) studies are also conducted as necessary environmental 
appraisal studies of the strategic proposals of the GLPs. Such planning and environmental projects 
include several difficulties related to: lack of experience from public authorities; possible weak public 
participation and consultation; and expectations from municipalities that may not be met, etc. 


A novel method for strategic impact assessment is described in the present paper, reflecting a three- 
level assessment with the aid of the tool of matrices, which are used in the first step of impact 
identification, then in the second step of impact prediction and then in the last step of impact 
evaluation. The purposes of the implemented method are: to be effective in strategic impacts 
assessment of the GLPs’ proposals; to be easy to be used in several SEA studies for GLPs and not 
just one specific study; to be comprehensive to the public authorities in Albania, which probably do 
not have much experience in such environmental studies; and finally, to be simple and comprehensive 
as well, for stakeholders and local people, so as to participate in public hearings and affect positively 
the process of environmental appraisal of planning projects. The findings of a case study of the SEA 
Study of the GLP of Gjirokastra Municipality are presented, showing great results and success in the 
implementation of the tool of matrices in the three-level impact assessment. 


Keywords: Strategic environmental assessment, General Local Plan, Matrix, Identification- 
prediction-evaluation 


1. INTRODUCTION 


Strategic Environmental Assessment is an impact assessment tool, a systematic process for evaluating 
environmental consequences of proposed policies, plans and programs — PPPs. SEAs are 
implemented in PPPs, and their results affect Environmental Impact Assessment studies (EIAs) at the 
project level [Arce R. and N. Gullon N. (2000)]. According to the definition for SEA, provided by 
Therivel et al. (1992), it refers to “the formalized, systematic and comprehensive process of 
evaluating the environmental effects of a PPP and its alternatives, including the preparation of a 
written report on the findings of that evaluation, and using the findings in publicly accountable 
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decision-making” [Therivel R., Wilson E., Thompson, S., Heany, D. D. and Pritchard (1992)]. The 
international regulatory framework for SEA is set by the European Directive 2001/42/EC and the 
Kyiv SEA Protocol. The former defines a general framework for the environmental assessment of 
proposed plans and programs prepared for agriculture, forestry, fisheries, energy, industry, transport, 
waste management, water management, tourism, town and and land use planning, precluding proposed 
policies, even if they set the framework for lower tiers, as well as excluding plans and programs related 
to issues of national defense and civil emergencies [Directive 2001/42/EC of June 2001]. It is underlined 
that the SEA Directive involves general requirements that do not pose restrictions to the Member States, 
but it leaves space for them to formulate their own procedures in terms of scoping, screening, public 
participation and consultation, etc. [Risse N., Crowley M., Vincke P. and J.-P. Waaub (2003)] The Kyiv 
SEA Protocol to the Convention of Environmental Impact Assessment in a transboundary context, 
prepared by the United Nations Economic Commission for Europe in 2003, is similar to the European 
Directive, but also includes environmental assessment of proposed policies and legislation proposals; it 
also shows more emphasis on health issues, impacts of proposed PPPs on human health [United Nations 
Economic Commission for Europe (2003]. The tool of SEA has also been implemented by several 
international organizations e.g. the UN Development Program, the UN Environment Program, the 
USAID, the World Bank, the OECD Development Assistance Committee, etc., in order to offer 
financial assistance to initiatives deriving from strategic policies, plans and programs that are 
environmentally evaluated in terms of their possible impacts [Chaker A., El-Fadl K., Chamas, L. and 
B. Hatjian (2006)]. 


The main steps on SEA studies involve: screening, by determining the need for SEA, usually from a 
mandatory list; identifying the necessity and goals of the PPP examined, as well as its relation with 
other PPPs in force; setting objectives and targets, and establishing indicators; describing the major 
parameters and aspects of the PPP that are predicted to provoke the most significant environmental 
impacts; setting the environmental baseline and describing the environmental parameters that are 
expected to be mostly affected by the proposed PPP; identifying, predicting and evaluating impacts 
of the proposals and comparing alternative options; seeking mitigation measures to tackle the impacts 
and describing the necessary monitoring system to be established; organizing public participation and 
consultations; conducting the final report on SEA; and decision-making on both SEA and PPP 
examined. These steps are described in the SEA Directive and are included in all relative legislation 
of Member States, more or less, with minor modifications, as also in Hellas and Albania. Specific 
issues that are mostly procedural and bureaucratic are considered of less importance and not further 
discussed for this reason. The SEA process (Figure 1), as described in Hellenic Ministerial Decision 
107017/2006, involves the following steps: the competent authority (CA), responsible to prepare a 
SEA study for the proposed Plan or Program, submits the SEA preliminary report to the responsible 
for approval authority (RAA); RAA organizes consultation and public participation process; CA 
organizes one public presentation of the SEA preliminary report and makes it publicly available for 
45 days; the findings of the consultation and participation process are taken into consideration for the 
approval of the SEA by the RAA, otherwise CA is asked to alter the SEA and possibly the proposed 
Plan, according to these findings and resubmit it to RAA for the final approval. Planning projects and 
SEA studies are either approved by the Ministry of Environment and Energy or by the Decentralized 
Authority: in many cases bureaucratic problems arise when the planning project is municipal e.g. a 
General Local Plan, approved by the Decentralized Authority, while its SEA study is approved by 
the Ministry because within the municipal boundaries there is a “Natura 2000” protected area. 


A similar SEA process exists in Albania. First of all, Albania is part of the Stabilization and 
Association Process, announced for five Eastern European countries at the Zagreb Summit in 2000, 
while in order to become an EU Member State, the criteria established in the Copenhagen European 
Council in June 1993 must be met. Since then, Albania has adopted much European legislation in its 
national legislation, while the National Plan for European Integration was synchronized with the 
National Strategy for Development and Integration 2014-2020. Albania has introduced policies 
through legislation for sustainable waste, wastewater and water management, sustainable planning at 
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national and municipal level, environmental impact assessment of projects, strategic environmental 
assessment of plans and programs, and protection of ecologically sensitive areas and nature. SEA was 
introduced in February 2013 by the Law 91/2013 (on SEA), while EIA was introduced in July 2011 
by the Law 10440/2011 (on EIA) and planning projects at municipal level supported the reform of 
Albania by the Law 107/2014 (on development of the territory). The Albanian SEA process is 
considered to be simpler and more clarified than the Hellenic one: the competent authority (CA) sends 
a notification to the Ministry (the one and only responsible for approval authority), including some 
general information on the proposed plan, the environmental parameters expected to be affected, as 
well as the need to conduct a SEA study; the Ministry approves the commencement of the process 
and informs the public about it by a preliminary declaration within 30 days; the CA organizes a 
preliminary public hearing and consultations with regional authorities in case of a municipal plan, in 
order to conclude of people’s and authorities’ opinions related to the most crucial environmental 
parameters, the opportunities for sustainable environmental management, the environmental factors 
that may be affected by the proposed plan, etc.; the CA prepares the preliminary SEA report and 
makes it available for a public hearing as well as consultations with regional authorities; the final 
SEA report is prepared and the total SEA (SEA report and a report with all opinions of stakeholders, 
public authorities and institutions participated in the consultations) are submitted to the Ministry for 
the final approval (environmental declaration). 


Y 
Screening According to 
iia Mandatory List 
¥ 
Competent Preparation of Environmental 
Authority Assessment Report 
: Y 
Responsible for Consultation and 
Approval Authority Participation 
Y 
` Revision of Environmental 
Competent Aka t Penari 
Authority Assessment Repor 
Competent n — > 
Ruthouity Submission of PPPs and SEA Report 


to Responsible for Approval Authorities 


Responsible for E 
Approval Authority Decision Making 


Figure 1: The SEA process, as described in the Hellenic Ministerial Decision 107017/2006 


2. COMMENTS ON STRATEGIC ENVIRONMENTAL ASSESSMENT 


First of all, the necessity for SEA is based on two major aspects: it counteracts some of the limitations 
of EIAs, such as additive effects of many small projects (cumulative impacts), indirect impacts and 
synergistic impacts deriving from different projects in the same geographical area; and it may 
promote sustainable development by introducing early in strategic planning decision-making process 
sustainability criteria or more generally, environmental parameters and issues to be dealt with 
[Therivel R. and Partidario (1996)]. Consequently, its major advantages refer to: taking into 
consideration environmental issues and aspects while forming strategic action through PPPs; the 
capability of dealing with cumulative and synergistic impacts, not able to be dealt with by EIA at a 
project level; promotion of PPPs alternatives; and incorporation of environmental and sustainability 
aspects in strategic decision-making [Therivel R. (2004)]. What is underlined by Noble (2000) is 
characteristic: EIA is reactive as it reacts or assesses a particular option, a specific project, while SEA 
is proactive, by examining alternative options and focusing on alternatives, opportunities, regions and 
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sectors [Noble B.F. (2000)]. In its worldwide implementation the last 20 years, SEA may be organized 
in several different ways: firstly, SEA may be introduced as EJA-based, following the requirements 
of Environmental Impact Assessment (EIA) legislation (uses similar tools for impact assessment); 
secondly, the SEA process runs parallel but independently from the planning process; thirdly, SEA 
is part of the planning process; and finally, the SEA framework is defined by the planning process, 
according to its level of requirements. However, what is really important, reflects the following 
issues: if SEA is sustainability-led, using sustainability criteria to assess possible significant 
environmental impacts of proposed PPPs; the extent to which SEA will be accepted, adopted and 
implemented; the effectiveness in public participation, as a means of increasing transparency of 
planning and decision-making; the objectivity of the SEA process; and its effectiveness in shaping 
public decision-making [United Nations Economic Commission for Europe (2003)]. 


Apart from strategic impact identification and evaluation, the importance of public participation in 
the SEA process is widely recognized: it can provide valuable information on the proposed PPP and 
the SEA study, and contribute to identify weaknesses in the study; it can show how groups and 
stakeholders are affected by the impacts identified by the SEAs; it may reduce the danger of later 
delays by protest actions against proposed projects and actions; it may help in viable suggestions for 
mitigation measures and alternative scenarios; it may contribute positively to public awareness, by 
making citizens more interested in public affairs and more environmentally responsible; and it may 
reduce time needed for public participation in EIAs, at the project level [Seht von H. (1999)]. 
However, it is also underlined that: political systems are traditionally based on closed and limited 
participation procedures; and public participation depends on pluralistic and democratic structures in 
several countries that are implemented. It is also believed that the SEA Directive requires that the 
public is involved too late in the decision-making process when alternatives and preferences have 
already been defined [Kornov L. (1997)]. 


SEA has also disadvantages, related to the fact that it adds extra cost and time needed for plans and 
programs approval, and deals with much complexity, as there is an interaction and relevance between 
many plans and programs between them, which must also be taken into consideration. It is also 
believed that SEA has generally focused on impact assessment and its proactive role in strategic 
decision-making, thus leaving implementation of SEA (follow-up) aside [Gachechiladze-Bozhesku 
M. and T.B. Fischer (2012)]. This may be due to: lack of legislated requirements for SEA follow-up; 
non-suitable existing monitoring systems that cannot contribute to SEA follow-up; vague follow-up 
goals as described in the monitoring program of the SEA study; costs of implementing a monitoring 
program or unavailability of skills or resources, etc. 


It should be underlined that it is not easy to conclude on the quality and effectiveness of SEA, 
implemented in many countries the last 20 years or more. Firstly, quality refers to all SEA process, 
including the assessment methods, the institutional arrangements, the whole procedure with public 
participation and consultations: thus, the quality of information used in SEA, analysis and synthesis 
of different opinions of stakeholders, technical validity and credibility affect the idea of quality. 
Secondly, effectiveness refers to the output of the quality of the SEA and to the SEA follow-up, which 
are related to the achievement of the environmental goals set by the SEA, the realization of the 
impacts predicted and evaluated, the successful implementation of mitigation measures, the 
effectiveness of the SEA monitoring system and the influence of SEA on the project-level EIAs that 
are related to the PPPs examined by the SEAs [Gachechiladze-Bozhesku M. and T.B. Fischer (2012)]. 
Van Doren et al. (2013) refer to the quality of SEA as “procedural effectiveness” and to the 
effectiveness of SEA as “substantial effectiveness”, while criteria are set in order to evaluate the 
substantial effectiveness of SEA: acquaintance (planners consult the SEA), consideration (SEA is the 
reason to review and develop further the PPPs), consent (proposed PPPs are altered according to the 
SEA results), formal conformity (the PPPs become environmentally friendlier due to the SEAs), 
behavioral conformity (the PPPs affect follow-up tiers e.g. other plans and programs or projects) and 
final conformity (environmental protection, proved by several environmental indicators and quality 
standards) [Van Doren D., Driessen P.P.J., Schijf B. and H.A.C. Runhaar (2013)]. The general factors 
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influencing the success of SEA are summarized by Zhang et al. (2013), who found that the 
communication and interaction between several stakeholders are important factors for SEA 
implementation, as communication is responsible for acceptance of the SEA and also values its 
results. PPPs are sometimes vague and abstract, limiting communication and coordination, while 
affecting transparency too. Other important factors include: resources related to available time and 
money, factors that affect both participation and the quality of the assessment; timing and 
organization e.g. planning and SEA may be interacting and parallel or SEA may be adapted to existing 
planning procedures; and political will and trust between stakeholders and other participants that 
affects also transparency and implementation of SEA. The results, related to how several scientists 
and stakeholders regard SEA, are also interesting: some planners see SEA as “more of the same”; 
developers regard SEA as one more administrative obstacle; environmentalists may see it as a 
bureaucratic process with no practical influence on the proposed PPP; and SEA practitioners have a 
weak understanding of strategic decision making [Zhang J., Christensen P. and L. Kornov (2013)]. 
On the contrary, Noble’s research on SEA studies reached the conclusion that many of them are 
labelled as “SEA”, but they are in fact non-strategic assessments, as they are not focused on 
alternative options, they do not examine broader visions, goals and objectives, but they rather assess 
impacts of predetermined options [Noble B.F. (2000)]. 


Chaker et al. (2006) examined the SEA systems in 12 developed countries all over the world in terms 
of legislation, responsible authorities, screening, scoping, types of impacts considered, public 
participation, alternatives and mitigation of impacts. It was concluded that a SEA system should draw 
special attention to: early consideration of significant impacts, including synergistic and cumulative 
impacts (this is an opportunity for SEA, while EIA is difficult to identify, predict and evaluate such 
impacts of proposed projects); formulation of better alternative scenarios of the proposed PPPs; public 
participation and effective stakeholder involvement for transparency and effectiveness of the SEA; 
and finally, the efficiency of strategic decision-making [Risse N., Crowley M., Vincke P. and J.-P. 
Waaub (2003)]. However, the methodologies/tools used for impact assessment were not examined 
and compared between the different SEA systems, although the use of such tools is considered to be 
important. Von Seht underlines correctly that the closer the policy, plan or program is to the following 
project stage, the more detailed the environmental assessment of the SEA should be and at the end, 
at the project level, EIA should include the most detailed assessment [Noble B.F. (2000)]. As a result 
of this, it is obvious that the more detailed the environmental assessment is in a SEA, the more detailed 
will be the mitigation measures of the expected impacts, as well as the environmental indices for the 
monitoring program. 


In Hellas, experience on SEA, as implemented in National, Regional and Municipal Plans, in 
Sectorial Plans for Industry, Tourism, Fisheries, Renewable Energy, in the Regional Operational 
Programs 2007-2013 and 2014-2020, necessary for the EU Funds, and in several private planning 
projects, shows that in terms of the impacts assessment methods used, there is not much variety: in 
many SEA studies the methodology is similar to the one used in the Handbook on SEA for Cohesion 
Policy [Helander E. and G. Lawrence (2006)]. The tool of matrix is used for impacts assessment and 
therefore, simple matrices are used, together with the symbols proposed in the above-mentioned 
handbook, usually one matrix per environmental factor, followed by the necessary text that presents 
arguments about the characterization of environmental impacts. The assessment is done in one level; 
there is only qualitative evaluation of impacts, while the steps of impacts identification and prediction 
are not included, as proposed in methodologies for EIA studies [Glasson J., Therivel R. and A. 
Chadwick (2012)]. It should be underlined that no specific technique for impact assessment is 
proposed by the Ministerial Decision 107017/2006. 


3. THE SEA OF THE GENERAL LOCAL PLAN OF GJTROKASTRA MUNICIPALITY 
3.1 The area of study and the proposed General Local Plan 
Gjirokastra Municipality is located in the southwest part of Albania, including an area of 469 km?, 


with a population of around 29,000 inhabitants. The city of Gjirokastra (20,000 inhabitants), known 
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as the “city of stone”, is built in the eastern side of the Mount Gjerë and its old part of the city has 
been in UNESCO World Heritage since 2005 for the famous old castle — the biggest in Albania, with 
the Museum of Weapons inside — and the traditional buildings. The city was built in the 4" century 
and was named Argyrokastro (Hellenic name) in 1336, while in 1417 it was conquered by the 
Ottoman army. The characteristics of old traditional houses — some of them newly restored (e.g. the 
house where the famous writer Ismail Kadare was born) — with the fortress look, the streets of 
cobblestone, the National Folk Festival (in the house of dicator Enver Hoxha was born), the 
Ethnographic Museum, the Old Bazaar, the archaeological park of Antigone (ancient town found by 
King Pyrrus of Epirus in 295 B.C. with a 4 km fortification around it), 14 km away from Gjirokastra, 
the many Byzantine churches in the municipality (the oldest and most beautiful St Mary in the village 
of Labove e Kryqit), the ancient theater of Hadrianopolis with a capacity of 4,000 seats and the ancient 
settlement of Paleokaster are some major parameters for tourism attraction, bringing a special color 
in the area. Gjirokastra, located between the lowlands of Western Albania and the highlands of 
Central Albania, is characterized by a Mediterranean climate, with warm summer (average high 
temperature 34°C in August) and heavy rainfall during the period November — February (total 1.800 
mm annually). The natural environment of the municipality is characterized by: the River Drino and 
its small productive valley, tributary of the River Aoos, with source in Epirus Region of Hellas, total 
length of 85 km and basin size of 1,320 km’, contributing to a small productive valley with 
opportunities for irrigation; the strict protected area of Kardhiq (Natura 2000); the natural monument 
of Zheji (proposed as a Natura 2000 area); and the natural park Rrézomé of 1,400 Ha with important 
biodiversity. 


ene g PANA ; 


part of the castle 


art of the old traditional urban area of Gjirokastra and 
[photos by co-authors] 


Hd aa r | 
Figures 2 - 3: P 


The General Local Plan of Gjirokastra Municipality was conducted in three phases: the first phase 
was the analysis of existing situation, covering all aspects of population and demographic issues, 
cultural aspects, urban characteristics and land-uses in all settlements, all parameters of the natural 
environment, covering issues in geology, water, wastewater and waste management, natural protected 
areas and characteristics of flora and fauna, climate conditions, etc., current technical infrastructure, 
landscape and morphology of the area, economic issues for professional activities and investments, 
environmental and other problems, sources of pollution, etc.; the second phase included the proposals 
for the territorial strategy, proposals for every system (natural, water, urban, infrastructural and 
agricultural) together with SWOT analysis, the vision of the strategy, the strategic objectives and the 
priority axes for each strategic objective, and finally, the action plan for all proposed projects with 
emphasis on priority projects and pilot projects; the third phase of the General Local Plan involved 
detailed land-use patterns for all settlements and all municipal territory, detailed proposals on building 
regulations in every settlement and the action plan of the second phase in its final form. It is worth 
noticing that the SEA was conducted simultaneously with the third phase of the General Local Plan, 
assessing the impacts of the strategic proposals of the second phase (objectives and priority axes). 
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Figures 4 - 5: River Drino in the summer and old traditional bridge [photos by co-authors] 


3.2 The three-level impact assessment of the SEA 

It was chosen to assess environmental impacts of the GLP’s proposals by a three-level impact 
assessment, using the simple tool of matrix, in variations, in order to identify, predict and evaluate 
the environmental impacts. The notion of this three-level impact assessment derives from EIA 
international literature and not EIA practice — as it is concluded EIA studies do not include such a 
detailed assessment. The methodology is detailed but simple to present, easy to explain, both to public 
authorities, regional institutes and authorities as well as to the Ministry, responsible for the approval 
of the SEA. The methodology was also proved to be satisfactory in terms of scientific cooperation 
between all members of the SEA study, as it offered clarification to many issues related to expected 
impacts and their significance. As proposed by the Hellenic and Albanian SEA legislation (and the 
Directive 2001/42EC), the impacts are examined in the fields of soil, air, climatic factors, water, 
biodiversity, wastes, noise, material assets, cultural heritage and landscape. 


The first step of this impact assessment methodology is identification of potential impacts of the 
General Local Plan on the environment. Therefore, the following simple matric is formed with all 
proposed priority axes (PA) in the first column and all environmental parameters examined in the 
next columns. If a significant effect between a priority axis and an environmental parameter is 
identified, the symbol “4f” is used, otherwise, if no effect is identified, the symbol “X” is used (Table 
1). The simple matrix, is further explained and justified in the SEA study of Gjirokastra Municipality 
General Local Plan by helpful text with arguments on how an effect may be expected or not between 
each priority axis and all the environmental parameters examined — however, it is not possible to 
include these arguments in this paper. It is worth noticing that these arguments have been accepted 
by all authorities and stakeholders, participating in the SEA process, either in the consultation stages 
or in the final approval stage. 


The second step of this impact assessment methodology is prediction of potential impacts of the GLP 
on the environment: for this reason, the same simple matrix is used, as follows, by using colours, 
instead of symbols, with two variations of green expressing a positive impact, yellow and red a 
negative impact and grey expresses that there is no impact identified (Table 2). In Table 2 it is worth 
noticing that in some cases, inside a cell, two different colours may be seen e.g. in PA 11 “Use of 
Renewable Energy Resources” it is believed that it may have negative impacts on water if small 
hydropower stations may be constructed in the future and if they do not operate with sustainable 
criteria in terms of water management; the same PA is believed to have very negative impacts on 
landscape if wind farms may be constructed in the future next to several traditional settlements or in 
the top of mountainous areas, depending on their visibility to many people; however, some people 
find wind farms “attractive” because they are a symbol of “green” energy. 
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Table 1: The simple matrix used for environmental impact identification 
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Table 2: The simple matrix used for environmental impact prediction 
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Strategic Objectiv 1: Strengthening the key position of the Municipality as a southern gateway of Albania, 
while strengthening the role of Gjirokastra as a regional tourism center. 


PA 1: Improve and strengthen the national 
transport infrastructure 


PA 2: Monitoring system of land-use changes in 
Gjirokastra Region 


Strategic Objectiv 2: Protecting and promoting the cultural environment of the 


heritage. 


Municipality and its cultural 


PA 3: Promotion of archaeological / cultural 
monuments and traditional buildings of the 
Municipality. 


PA 4: Strengthening the tourist activity and 
development of alternative forms of tourism. 


Strategic Objectiv 3: Economic revitalization of the area led by the principles of sustainable development, 
through the expansion of production base and balanced development of the three production sectors. 


PA 5: Strengthening tertiary activities in 
Gjirokastra (additional public services, trade, 
tourism) in order to create new jobs. 


PA 6: Enforcement of the secondary production 
sector. 


PA 7: Strengthening local economy through 
employment opportunities in the primary sector. 


Strategic Objectiv 4: Protection and sustainable manag 
and promoting the strong points of the Municipality. 


ment of the natural environment by emphasizing 


PA 8: Protection and sustainable management 
of natural resources. 


PA 9: Protection and sustainable management 
of water resources. 


PA 10: Protection of cultivated land and 
agricultural space. 


PA 11: Use of Renewable Energy Resources. 
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Strategic Objectiv 5: Improving the quality of life of the inhabitants by completing the technical 
infrastructure and creating a high level of social infrastructure. 


PA 12: Improvement of urban public utility 
networks (water supply, sewage, energy, waste 
management) in the city and other settlements. 


PA 13: Improving social infrastructure 
(education and health). 


PA 14: Urban renovation and planning in 
settlements. 


PA 15: Improving mobility and public transport 
at the municipal level. 


PA 16: E-government and the improvement of 
electronic infrastructure. 


PA 17: Strengthening the role of the University. 


Consequently, in order to deal with the vague character of the GLP and its impact on the SEA study, 
scenarios can be developed in some cases and inside a cell, two different colours may be used to 
express these two different scenarios. Another example may be the development of the primary 


270 


Protection and restoration of the environment XIV 


sector: it may cause negative impacts on soil, if many agrochemicals are used to increase production, 
but if organic farming is developed, then impacts on soil may be positive. 


Finally, the third step of this impact assessment methodology is evaluation of potential impacts of the 
General Local Plan on the environment: for this reason, many simple matrices are used, as follows, 
one matrix for each environmental parameter, by using the symbols (enriched) of the Handbook on 
SEA for Cohesion Policy 2007-2013 [Helander E. and G. Lawrence (2006)]. These symbols are 
presented in Table 3: 


Table 3: Assessment Legend (third step — evaluation) 


Impact character Symbols Explanation 
1! Very probable 
Probability ! Probable 
0 Not probable 
++ Large-scale positive 
+ Positive 
Scale 0 Neutral 
= Negative 
Si Large-scale negative 
>> Frequent to constant / Long-term to permanent 
Frequency/Duration > Occasional / Short-term 
Not viable 
IR Irreversible 


Reversibility Reversible under mitigation measures 


Reversible 


Possible transboundary effect 


Transboundary dimension 


Uncertainty Possible impacts depend on implementation of the GLP 
Pri j t 

Seguente rimary wapat 
Secondary impact 
Cummulative impact 

Interoperability Synergistic impact 


R* 
R 
TR 
0 Not transboundary effect 
9 
P 
S 
C 
SI 
0 


Not influence with other parameters / impacts 


As it is not possible to present all matrices used in the third step of this impact assessment 
methodology, let us refer to an example, the matrix of the environmental parameter of water. In the 
first left column of the matrix, all priority axes that are identified and predicted to have a negative or 
positive impact on water are presented and then the characteristics of these impacts are described by 
using the symbols of Table 3. Each simple matrix for each environmental parameter, as the one 
presented in Table 4, is followed by arguments presenting and explaining the character of impacts 
expected. It should be underlined that reversibility of possible impact is only examined for negative 
impacts; when there is uncertainty, then this impact character affects also “scale”, by using both 
“negative” and “positive” symbols. 


4. CONCLUSIONS 
A novel approach of three-level impact assessment is presented, as used in SEA study of Gjirokastra 


Municipality GLP. This new methodology is believed to offer specific advantages in the SEA process, 
for all stakeholders: 
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First of all, it made it easier for all participants in the SEA study (group of scientists preparing the 
draft and final report) to organize better impact assessment, by making for themselves the process 
of impact assessment clearer and more specific. It was also easier for them to communicate, 
cooperate and discuss some issues with the planners working on the GLP project of Gjirokastra 
Municipality. 


Table 4: The evaluation of impacts of the General Local Plan of Gjirokastra Municipality on 


water 


Impact character 
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Secondly, as a more detailed impact assessment methodology, it seems that it helped local 
authorities, regional authorities, local people, any stakeholders participating in the consultation 
phase, to understand in depth how a SEA assesses impacts of a GLP in a strategic level. This was 
very useful, because in Albania there is not much experience in SEA studies and it had to be clear 
that SEA does not deal with projects and details but evaluates impacts in a strategic level, 
proposing mitigation measures at a “parallel” strategic level, as well as a monitoring system with 
more vague and strategic indicators. 


Thirdly, the results of the consultations and opinions of public authorities and stakeholders 
showed that only minor revisions were made to the draft SEA report, the final SEA report was 
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accepted by the Ministry without any comments and the environmental declaration (the official 
acceptance of the SEA by the Ministry) was issued in less than five months from the beginning 
of the SEA process. 


In conclusion, the three-level impact assessment methodology, as presented, is proposed to be the 
best available technique to identify, predict and evaluate environmental impacts of GLPs at municipal 
level, as advantages are identified for all parties of the SEA process (scientists preparing the SEA 
reports, public authorities, local people, stakeholders, regional authorities, ministry, etc.). 
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Abstract 

We study the levels and the profile of aeroallergens (pollen and fungal spores), which constitute 
biological weather parameters affecting health and quality of life, in the city of Thessaloniki, Greece. 
We employ a data-driven approach with the aim to investigate the relationships between aeroallergen 
parameters as well as meteorological conditions that may dictate biological weather patterns and 
levels. A number of computational experiments are performed to assess the ability and performance 
of various statistical and machine learning methods including linear regression, artificial neural 
networks, decision trees and ensemble-based approaches. Results suggest that it is possible to 
properly describe the behaviour of the aeroallergens and thus to operationally forecast their levels. 
The latter is expected to have a direct positive impact of the quality of life of aeroallergen sufferers 
in the area of study. 


Keywords: Aecroallergens, Computational intelligence, Regression 
1. INTRODUCTION 


Allergies are caused by the interaction between the human immune system and various exogenous 
(environmental) parameters. When the latter consist of airborne biological agents (like pollen and 
fungal spores) they are called aeroallergens and are affecting more than 20% of the population in 
Europe [Bousquet et al., 2007, Eder et al., 2006]. Important allergenic plants are grass and birch 
which affect about 65% and 30% of all hay fever sufferers in Europe, respectively. In the Southern 
parts of the continent, the second most-important allergenic plant after grass is olive, with up to 70% 
of allergy patients sensitive to it, this being also true for the Thessaloniki area [Gioulekas et al. 2004]. 
Fungal spores have also been found to generate allergic reactions in Thessaloniki, Greece [Gioulekas 
et al., 2004]. It is therefore evident that allergic rhinitis (hay fever) as well as other allergic 
manifestations depend on aeroallergen levels and have an impact on the overall Quality of Life (QoL). 
For this reason, the analysis and modelling of biological weather data (i.e. data describing the 
meteorological, air pollution and aeroallergen levels in the atmosphere as described in Klein et al., 
2011) contributes to the understanding and improvement of the QoL of sensitive parts of the 
population. In the rest of the paper we present the biological weather data and the methods and tools 
employed in their analysis and modelling (chapters 2 and 3). Results follow in chapter 4, and we then 
draw our conclusions and state future research directions (chapter 5). 
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2. MATERIALS 


2.1 Area of study 

The Greater Thessaloniki Area (GTA) is the largest urban agglomeration in Northern Greece with 
more than 1,000,000 inhabitants. Traffic and industrial activities constitute the main sources of air 
pollution. The city of Thessaloniki is located in the inmost part of the Thermaikos Bay, bounded to 
the North by the Hortiatis Mountain. Residential areas are found in the periphery of the city and an 
industrial zone is situated to its north-west side. The climate of the area is Mediterranean with hot 
and dry summers and mild winters. 


2.2 Biological weather data 


2.2.1 Pollen Data and associated meteorological data 

Airborne pollen in Thessaloniki is monitored with the aid of a 7-day recording Burkard volumetric 
trap. The trap is placed on the roof of a University building in the city centre approximately 30m 
above ground level. The measurements are based on the trapping of air particles on an appropriate 
tape surface. Once every week dedicated personnel collects the sampling tape, brings it to the Lab, 
and with the aid of a microscope the pollen grains are identified and counted (categorized per taxon). 
The pollen types addressed in this paper are Cupressaceae, Oleaceae and Poaceae while the study 
period covers years 1987—2016 with a time resolution of one day. The overall procedure is described 
in detail in Damialis et al., 2010, and is characteristic of pollen measurements in many countries. On 
this basis, the collection of pollen concentration data is characterized by a 7-day cycle. Therefore, in 
order to build operational models, this cycle should be taken into consideration. 


Meteorological data associated with pollen counts come from the International Thessaloniki Airport 
monitoring station, made freely available via the www.wunderground.com and consist of daily 
minimum, maximum and mean of the following parameters: temperature (in °C), pressure (in hPa) 
wind speed (in m/s), wind direction (in degrees) and relative humidity. The aforementioned data are 
considered to represent the mean meteorological conditions of the GTA and are rendered as 
appropriate to be included in the analysis of pollen data. Descriptive statistics of the meteorological 
data, accompanied by relevant pollen data (i.e. a total of 16 parameters), are presented in Table 1. 


2.2.2 Fungal Spore Data and associated meteorological data 

Airborne fungal spores in Thessaloniki are monitored by the same Burkard volumetric trap located 
on the roof of a 30m university building, in the centre of Thessaloniki. The study period covers years 
1987—2004 (with the exception of years 2001-2002). Counts are expressed as mean daily spore 
concentrations (number of spores per m3 of air), as described in [Damialis et al., 2015]. In this study 
we chose the three spore types summing up the largest percentage of the overall yearly concentrations, 
namely Alternaria, Cladosporium and Ustilago. 


As fungal spores were available for a different time period in comparison to pollen, we wanted to 
make use of meteorological data that actually matched the spore count period. For this reason we 
included in the analysis meteorological data which were recorded by the station operating within the 
central Aristotle University campus and consist of minimum temperature (in °C), relative humidity, 
solar radiation and rainfall daily (in mm). Descriptive statistics of the meteorological data, 
accompanied by relevant spore data (i.e. a total of 7 parameters), are presented in Table 2. 
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Table 1: Descriptive Statistics for 13 meteorological parameters and 3 Pollen taxa 


Parameter min max mean | std 
Meantemp -4.00 34.00 15.92 8.07 
Meanpressure 989.53 1036.44 1016.07 6.69 
Meanwindspd 0.00 52.00 8.80 6.14 
Meanwdird -1.00 360.00 221.51 90.50 
Meanhumidity 30.00 100.00 65.80 13.95 
Maxtemp -2.00 44.00 20.51 8.99 
Mintemp -10.00 27.00 11.29 7.53 
Maxhumidity 36.00 100.00 83.07 12.03 
Minhumidity 6.00 96.00 44.61 17.24 
Maxpressure 995.00 1040.00 1018.29 6.49 
Minpressure 982.00 1036.00 1013.91 7.00 
Maxwspd 0.00 224.00 23.54 12.95 
Minwspd 0.00 41.00 0.97 3.58 
Cupressaceae 0.00 2626.98 11.36 76.72 
Oleaceae 0.00 452.07 2.21 10.35 
Poaceae 0.00 76.34 1.51 4.52 
Table 2: Descriptive Statistics for 4 meteorological parameters and 3 Fungal Spore types 

| Parameter mean | max min std 
RelativeHumidity 0.68 1.00 0.20 0.14 
Rainfall 1.13 60.70 0.00 3.94 
SolarRadiation 359.00 884.00 4.00 210.25 
MinTemperature 11.41 26.20 -8.20 7.18 
Alternaria 28.39 561.00 0.00 44.52 
Cladosporium 203.48 11991.00 0.00 429.70 
Ustilago 22.46 2094.00 0.00 69.36 
3. METHODS 


3.1 Correlation analysis 

The first step of our analysis aimed at the identification of relationships between parameters of the 
pollen as well as of the spore’s data spaces. For this reason, the Pearson correlation coefficient was 
employed, as a relative measure of association, calculated according to the following formulae: 


p= EOD) D 
[Eha [Eoy 


Here x; andy; represent the two parameters studied for association while n is the number of available 
data records. Results are presented and discussed in the relevant sections of this paper. 
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3.2 Further data association analysis 

In a next step, we aimed at identifying inter-dependencies among data parameters which are not well 
depicted by the (linear in its nature) Pearson correlation coefficient. For this reason, we applied the 
Self-Organizing Maps (SOMs) method, which makes use of the Artificial Neural Networks main 
constituents, i.e. neurons. SOMs are composed of lattice-oriented neurons which aim to represent 
multidimensional data sets via their weights, in a topological manner. As the neural network is 
exposed to data points, the latter are represented via winning neurons causing the network topology 
to adjust and eventually form clusters on the basis of a similarity criterion (usually the Euclidian 
distance within the initial data space). The method is agnostic of the structure or of the content of the 
data and can deal with missing values. Neurons are arranged grids (usually 2-D but also 3-D). 
Eventually similar neurons are topologically grouped in similar areas of the constructed “maps” 
[Kohonen et al., 1997]. 


3.3 Features 

Both datasets presented here where handled in a similar manner in terms of modelling. Due to the 
way that data are collected (daily values made available every 7 days) and taking into account that 
persistence is a main characteristic of aeroallergen as already indicated by Voukantsis et al., 2010, a 
lag of up to 7 days has been chosen to be applied in our study. We therefore indicate as dg (zero day) 
the day for which we aim to develop a model for any one of the three pollen taxa studied. Then, we 
indicate as d,(lag1 day) the day before, and so on. As a result and for each one of the three pollen 
taxa, we generate a total of 13 y= d,(meteo)+7(target pollen taxa)+2(other pollen taxa) = 113 
features for their concentration levels. Similarly, and for each one of the three spore type, we generate 
a total of s and 457 d; (meteo)+7(target taxa)+2(other taxa) = 41 features for the modelling of their 
concentration levels. Due to the large number of features, we additionally aimed to identify which of 
those are the most important in terms of their ability to lead to improved model results in either 
nowcasting or forecasting mode. Among the many methods available, we chose to make use of a 
Computational Intelligence algorithm in order to rank the features according to their “modelling” 
effectiveness. More specifically, we employed the Random Forest [Breiman, 2001] method, which 
consists of a population of decision trees. At each node of each tree, a condition is applied based on 
a single feature that actually splits the tree in two. The optimal condition by which the split is made 
locally at each node is called impurity, and for regression problems this is the variance, the average 
of which can be calculated for all nodes and trees involved in the modelling procedure. This means 
that when each tree is trained, there is a criterion which may be used to calculate how much each 
feature contributes to the decrease of its impurity. This is the feature importance measure included in 
the Python data mining Random Forest implementation used in this paper (available at http://scikit- 
learn.org). In all regressors the dataset was split in a training and a testing set with a ratio=3/4 for 
fungal spores and a ratio=2/3 for pollen taxa on the basis of preliminary computational experiments 
and in order to avoid over fitting. 


3.4 Modelling algorithms 

Modelling focused of three pollen taxa (namely Cupressaceae, Oleaceae and Poaceae) and three 
fungal spore types (Alternaria, Cladosporium, Ustilago). Each parameter served as a target parameter 
and all other data available served as the initial feature space. Modelling focused on the nowcasting 
of the parameter of interest (i.e. estimation of its level based on features from the same day) as well 
as on forecasting (i.e. making the same estimation but now using features from previous days). The 
following algorithms were used in both modelling approaches. 


3.5 Linear Regression 
Linear Regression is the oldest and most frequent technique for regression. The relationships between 
the features and the target parameter are modelled using linear predictor functions. The model is 
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developed using the least square approach, in order to minimize the mean squared error between the 
predicted values and data. 


3.6 Random Forest 

Random forests consist of a population of trees (forest) which are trained and then used as an 
ensemble, i.e. each tree via weighted voting contributes to the final result. In random forests each tree 
in the ensemble is built from a sample drawn with replacement from the training set. In addition, 
when splitting a node during the construction of the tree, the split that is chosen is no longer the best 
split among all features. Instead, the split that is picked is the best split among a random subset of the 
features. Because of this randomness, the bias of the forest usually slightly increases (with respect to 
the bias of a single non-random tree) but, due to averaging, its variance also decreases, usually more 
than compensating for the increase in bias, hence yielding an overall better model. 


3.7 Neural Networks 

In the current work a Multi-Layer Perceptron (MLP) is used as described in Voukantsis et al., 2010. 
A MLP network consists of at least 3 hidden layers. Each node is a neuron that takes as input the 
weighted sum of all neurons from the previous layer. Then the neuron uses an activation function, 
usually the sigmoid, to produce a signal in the range of (-1,1), which is then used to produce the signal 
for the neurons of the next layer. The goal of the training is to adjust the weights of each neuron to 
accomplish the minimization of the error between training and predicted values, using a technique 
called back propagation. 


4. RESULTS 


4.1 Correlation Coefficient and SOMs 

In Tables 3 and 4 the Pearson correlation coefficient between the target variables and all the available 
ones, are presented. Concerning pollen, the highest correlation is observed between Oleaceae and 
Poaceae (0.46). In addition, both Oleaceae and Poaceae demonstrate a loose correlation to 
temperature. On the other hand, Cupressaceae doesn’t seem to correlate with any of the available 
features. Within the fungal spores dataset, the highest correlation is observed between Cladosporium 
and Alternaria (0.59). In addition, those two spore types correlate strongly to minimum temperature 
and solar radiation. Ustilago correlates loosely to minimum temperature, solar radiation and 
Clasosporium. 


Table 3: Correlation Coefficient Matrix for Pollen taxa 


Meantemp /|Meanpressure|Meanwindspd|Meanwdird) Humidity|Maxtemp Mintemp|Maxhumidityy 
Cupressaceae -0.08 -0.05 0.04 -0.01 0.02 -0.08 -0.09 0.04 
Oleaceae 0.09 -0.06 -0.03 0 -0.05 0.1 0.08 -0.01 
Poaceae 0.22 -0.07 -0.02 0 -0.14 0.23 0.2 -0.1 

Minhumidity|Maxpressure |Minpressure |Maxwspd |Minwspd|Cupressaceae|Oleaceae|Poaceae 
Cupressaceae -0.01 -0.03 -0.06 0.06 0 1 0.01 0 
Oleaceae -0.08 -0.07 -0.05 0.01 -0.04 0.01 1 0.46 
Poaceae -0.15 -0.09 -0.06 0.04 -0.05 0 0.46 1 


The SOMs created for the pollen taxa (and their associated meteorological parameters) are presented 
in Fig. 1. Overall, it is evident that Oleaceae and Poaceae demonstrate a similar pattern. They show 
a relationship to mild and high temperatures, verifying that their flowering occurs in late spring and 
summer periods. Logically, they both indicate a repellent behaviour concerning humidity. 
Cupressaceae seems to be related with low atmospheric pressure, high wind speed and northerly 
winds in terms of wind direction. This suggests that possibly the specific pollen taxa enter the city 
centre during winter periods as reported by Galan et al., 1998, for the Cypresae pollen season in 
Spain, transferred from the northern part of the GTA (where some tree areas exist). 
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Concerning Fungal Spores, Alternaria and Cladosporium seem to be related with each other. Also, 
solar radiation and minimum temperature seems to influence all the studied spore types. 


Table 4: Correlation Coefficient Matrix for Fungal Spores 


1030 


1020 © 


1020 


1020 © 


1340 


RelativeHumidity| Rainfall} SolarRadiation) MinTemperature| Alternaria) Cladosporium| Ustilago 
Alternaria -0.18 -0.07 0.39 0.54 1.00 0.59 0.23 
Cladosporium -0.13} -0.03 0.31 0.38 0.59 1.00 0.27 
Ustilago -0.08 -0.03 0.17 0.19 0.23 0.27 1.00 
U-matrix Meantemp Meanpresssure Meanwindspd Meanwdird 
572 26.7 1020 23.9 346 
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Figure 1: SOM for Pollen taxa and related meteorological parameters 


4.2 Variable Importance 
The procedure for evaluating the importance of the features described in section 3.3, was 
implemented for both pollen and fungal spore analysis. The most important features were found to 
be the lagged values of the target aero-allergen. These results confirm the persistence of the 
phenomenon. Also, in relevance with the results of section 4.2, other aeroallergens within the studied 
datasets were found to contribute importantly. 


4.3 Predictive Models 
In this section the prediction of the daily pollen and spore concentrations is approached in a twofold 
manner: on the basis of the results already presented in previous sections, various models where 
developed and applied using different set of features in a series of computational experiments. 
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Figure 2: SOM for Fungal Spores and related meteorological parameters 


4.4.1 Nowcasting 

When referring to nowcasting we should take into account that all features are considered to be 
available, including the ones of day being modelled, with the exception of the target parameter. On 
the basis of computational experiments, it was decided to use a set of features which includes the 
meteorological data from lagO to lag1, the target pollen taxa or spore type of lagl and all the other 
available taxa/types of lag0. An indicative set of worst and best performance model is presented in 
Figure 3. The negative values that appear in the graphs in both linear regression and ANN models 
result from the effort made by the models to depict the actual values as well as the fluctuations of 
aeroallergen measurements. Since aeroallergen concentration cannot take negative values, those 
results should be interpreted as very low concentrations (or zeros for simplicity). The Pearson 
correlation coefficient as well as the mean absolute error between modelled and actual values is 
presented in Figure 4. 
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— data 
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0 250 500 750 1000 1250 1500 1750 2000 0 200 400 600 800 1000 1200 1400 
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Figure 3: A representative example for the best (left) and worst (right) nowcasting outcome 
among models developed and tested. Model algorithm and aeroallergen type are indicated in 
the graph. Values are in pollen/spores per cubic meter 
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Figure 4: Comparison of the Pearson Correlation Coefficient (up) and the mean absolute 
error (down) between the different models used for nowcasting 


4.4.2 Forecasting 
When referring to forecasting we should take into account that only features which are already known 
at the day of the forecast are used. 


Models for the forecasting of Pollen taxa: The set of features includes the meteorological data from 
-Iday to -2day and the target pollen taxa or spore type of -Iday. 


Models for the forecasting of Fungal Spore type: The set of used features includes the 
meteorological data from -1day to -7day the target pollen taxa or spore type from -1day to -7day. 


An indicative set of worst and best performance model is presented in Figure 5. The Pearson 
correlation coefficient as well as the mean absolute error between modelled and actual values are 
presented in Figure 6. 
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Figure 5: A representative example for the best (left) and worst (right) forecasting outcome 
among models developed and tested. Model algorithm and aeroallergen type are indicated in 
the graph. Values are in pollen/spores per cubic meter 
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Figure 6: Comparison of the Pearson Correlation Coefficient (up) and the mean absolute 
error (down) between the different models used for forecasting 


5. DISCUSSION AND CONCLUSION 


The analysis of the correlation and the dependencies between pollen data and meteorological 
conditions as well as fungal spores and meteorological conditions suggests that there are specific 
inter-relationships which may be identified, both in terms of aeroallergen as well as in terms of 
meteorology. The use of the SOMs method provides with additional insights, that allow for the 
identification of behavioural patterns of the aeroallergens under study like in the case of the possible 
winter appearance of Cypresae originating from the northern part of the GTA, 


Concerning the modelling approach, it is evident that both pollen as well as spores models 
demonstrate a high correlation coefficient for nowcasting, regardless of the modelling approach used, 
with r values ranging from approx. 0.5 for Cypressacaeae up to more than 0.83 for Alternaria. The 
mean absolute error varies considerably, with Cladosporium demonstrating the highest values, and 
thus jeopardising the good correlation coefficient achieved in terms of practical model 
implementation. 


In the case of forecasting, pick values are harder to depict, this being the main reason for lower 
correlation coefficient values. For this reason and in the case of the three pollen taxa included in this 
study the 7-day ahead forecast achieves a low correlation coefficient that surpasses 0.5 only in the 
case of Oleaceae for a linear regression model. On the contrary, Voukantsis et al. in 2010 have reaches 
a correlation coefficient of 0.75 with similar models, yet with differences in the feature space, 
including more meteorological parameters. When coming to fungal spore forecasting 7-day ahead, 
the correlation coefficient is much better, ranging from 0.41 for Ustilago to 0.71 for Alternaria, 
accompanied by low mean absoluter error values. This indicates that our approach is capable of 
supporting operational spore level forecasting for the GTA regardless of the low dimensionality of 
the feature space used. 


A general pattern that can be seen in all models, depending on the regression approach, is that random 
forests are more effective for nowcasting, while linear regression for forecasting. But for a more 
reliable result, a validation method (i.e. k-fold cross-validation) should take place. 
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Future research should include the investigation and use of a feature space of higher dimension, 
complemented by a more advanced and sophisticated method for feature identification, prioritisation 
and selection. In addition, we should develop models focusing on specific aeroallergen periods, which 
is still an open issue for Fungal spores, but have already been suggested for pollen [Pfaar et al. 2017]. 
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Abstract 

The present work deals with the concentration levels of air-borne particulate matter of diameter less 
than 10 um (PM)o) of the area of the city of Patras and of the University of Patras Campus during the 
period of 2013 - 2015. The stationary air pollution monitoring station of the Environmental 
Engineering Laboratory (EEL) of the Civil Engineering Department of the University of Patras is 
operating continuously since 2012. The sampling site is in a suburb. Additional PMio data are 
obtained from the “Greek National Monitoring Network of Atmospheric Pollution (GNMNAP)” for 
two air quality stations, which are installed in Patras downtown and have operated intermittently since 
2001. 


The monthly variation of PMio concentration for the time period 2013 -2015 is presented at each 
station. Calculating Spearman’s correlation factor, the correlation among stations’ measurements is 
significant at 0.01 or 0.05 levels, but there is no correlation between EEL’s data and warm or cold 
period. On the contrary, there is rather strong correlation between downtown data and warm or cold 
period. In addition, the monthly average values of a typical year are presented for both stations. 
Finally, the yearly variations of mean monthly values are shown and the influence of warm or cold 
period is examined. 


The aim of this project is to derive implications from the PM 1o levels of the air of both the University 
of Patras Campus and the city of Patras. The statistical analysis of such a program of continuous 
measurements of air quality may provide a cost-effective strategy for air quality monitoring. 


Keywords: Air pollution, air quality, PMio, suburban concentration, suburban 
1. INTRODUCTION 


The airborne particulate matter (PM) is one of the most significant air pollutants [1, 2]. They consist 
of a mixture of solid particles and liquid droplets that are suspended in air with a wide range in size 
and chemical composition. Human health is affected mainly by the “inhalable particles” of a diameter 
less than 10um (PMio), and more specifically by the “fine particles” of diameter less than 2.5um 
(PM25). PM is originated by anthropogenic combustion and non-combustion sources as well as by 
natural sources, like sea salt emissions, re-suspended dust and transported Saharan dust [3]. 


The existence of particle pollution affects both health and the environment. Health effects of short or 
long term exposure to PM may be the appearance or aggravation of cardiovascular and respiratory 
diseases. The correlation between PM and mortality is also significant. The environmental impact 
may be assessed by the temporary occurrences of PM that affect visibility, climate and vegetation. In 
addition, building materials do not remain unaffected due to exposure to particulate pollution [1, 3, 
4]. Air quality standards by European Environment Agency (EEA) [2] and US Environmental 
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Protection Agency (US-EPA) [4] and Guidelines by World Health Organization (WHO) [1], which 
are given in Table 1, are continuously updated according to the progress of research data. 


Table 1 Air Quality Standards and Guidelines for PM10 
Annual Mean (ug m°) Daily Mean (ug m°) 
European Union (EEA) 40 50! 
US Environmental Protection Agency (US-EPA) - 150° 
World Health Organization (WHO) Guidelines 20 50° 


' Not to be exceeded on more than 35 days per year 
Not to be exceeded more than once per year on average over 3 years 
3.99" percentile (3 exceedances permitted per year) 


There are several studies regarding PM1io measurements in Patras area, which give also mean monthly 
values for time intervals of the period from January 2004 up to April 2014. More precisely, the 
following intervals have been covered: January — December 2004 [13], December 2005 — March 2006 
[14], 2008 — 2011 [15], 2009 and 2010 PMio episodes [16], July 2012 [17], Winter periods of 2012 
and 2013 [18] and January 2012 — April 2014 [19]. Exempting the four studies [14, 17, 18, 19], which 
have conducted their own PMjo mass concentration measurements, all the rest studies have used the 
PMio data monitored by the Department of Environment & Planning of the Region of Western 
Greece. 


The University of Patras Campus (UPC) occupies an area of 2.66 km”, 12 km NNE of the city center, 
adjacent to Rion and at the foot of Panachaicon Mountain. It has 23 Departments with a total 
population of 30,000 approximately, including the University Hospital of Patras, where extensive 
infrastructure works, sports facilities, agricultural and other significant activities take place (Pappas, 2011). The 
present study deals with the presentation of PMio concentrations measured by the Environmental 
Engineering Laboratory (EEL) of the Civil Engineering Department of the University of Patras during the period 
01/01/2013 - 31/12/2015. The monthly average values, as well as the average values of the cold and warm 
period have been calculated and used herein. Several pertinent characteristics of PMio are compared 
to the corresponding measurements available by the Department of Environment & Planning of the 
Region of Western Greece and useful implications are drawn. 


2. MATERIALS AND METHODS 


2.1 Description of sampling area 

The position of the air quality monitoring EEL station is shown in Figure 1. It is located at the western 
parking lot of the Building of the Department of Civil Engineering (geographical longitude 
21°47'22’", geographical latitude 38°17’22’’ and 60.60 m altitude above sea level). At this area the 
inclination is 4-5% toward NW. Apart from asphalt-covered streets, the major area consists of natural 
soil with low vegetation, bushes, and sporadic trees, mainly pine and olive trees. The EEL station is 
settled at a distance more than 15 m W from the 3-storey building of the Civil Engineering 
Department, while all other buildings are even further away. The old National Road and the new 
National Road Korinthos — Patras (E65) are 0.7 km far N, approximately. At the same direction and 
at a distance 2.2 km, the local ferry port of Rion — Antirrion is located. The Patras By-Pass (E55) is 
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Figure 1: General view of Patras area and air quality monitoring locations 


1.2 km SE away from the EEL station. The University Hospital of Patras is located 1.5 km NE it. 
Also, more than 2 km toward NE, there is a limited number of industrial activities of moderate size. 
The EEL station is free from nearby objects of any kind from the NE to SE wind sectors (i.e., for an 
angle of at least 247.5°). The EEL air pollution originates from classic sources of a suburban- rural 
area, augmented by emissions due to central heating during winter and additional emissions from 
aforementioned activities and a cement factory operating 2-3 km NE of the UPC. The Station is 
classified as “Suburban — background station”. More details about the location of the monitoring EEL 
station are given in the literature [6]. 


At Patras downtown, the Department of Environment & Planning of the Region of Western Greece 
is responsible for the operation of two air quality stations (ST 1 and ST 2, Figure 1) that have been 
installed and operated since 2001 in the frame of integration of “Greek National Monitoring Network 
of Atmospheric Pollution (GNMNAP)” [7]. The city is settled at the foot of Panachaicon Mountain 
extending mainly along the seashore of the NE Patraikos Gulf. Until July of 2014, the center was 
affected by the traffic load directed to the New Port through the city as the latter was not connected 
to the National Road. Since then, the traffic load due to heavy vehicles and cars is reduced, 
decongesting downtown Patras. A general view of Patras downtown and suburban areas is shown in 
Figure 1. Location of ST 1 is at Drosopoulou Sq., 180 m E of the nearest shoreline (harbor docks). 
ST 1 is characterized as an urban traffic oriented station. Location of ST 2 is at the E corner of King 
George A’ Sq. [11], 400 m SE of the nearest shoreline (harbor docks). Both monitoring stations are 
characterized as urban traffic oriented stations [11]. More details about the city of Patras and these 


two locations are given in the literature [7, 8, 9]. 


2.2 Sampling Equipment 

The EEL station includes an automatic analyzer of PMio (model Grimm 180) based on the 90° 
scattering light measurement principle. The analyzer provides data records of mean values every five 
minutes. At the roof of the station, a weathering station is located. Downtown Patras, the air quality 
monitoring stations (ST 1 and ST 2) are equipped with continuous operation beta-attenuation 
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analyzers (FH 62 I-R, Thermo Electron Corp., USA) for PMio measurements. More details about this 
sampling equipment are given in the literature [6, 7, 10]. 


3. RESULTS AND DISCUSSION 


In Figure 2, PMio monthly average concentrations (Sites EEL, ST 1, ST 2) for the specific monitoring 
period are presented. The monthly PMio concentrations at location of EEL station (suburban area) 
ranged from 5.7 to 24.7 ug m° with an average value of 13.7+3.9 ug m°. From GNMNAP’s database 
[11], the monthly PMio concentrations at locations of ST 1 and ST 2 (urban-traffic) ranged from 26.3 
to 51.8 pg m® and from 29.6 to 58.5 ug m”°, respectively, with corresponding mean values 40.4+7.7 
ug m° and 39.5+7.6 ug m° (Table 2). It must be noticed that the data completion at EEL station, ST 
1 and ST 2 is 100.0%, 27.8% and 100.0%, respectively. As expected, the concentrations at the 
suburban monitoring EEL station found less than those at urban-traffic areas (ST 1 and ST 2). It is 
noticed that PMio concentrations at EEL station were 62.7% and 65.4% lower than those at ST 1 and 
ST 2, respectively. At cold period (October - March), EEL’s levels were 67.0% and 68.1% lower than 
those at ST 1 and ST 2, respectively. Also, at warm period (April — September) EEL station’s levels 
were 59.8% and 62.5% lower than those at ST 1 and ST 2, respectively. Additionally, the average 
ratio of PMio concentrations of warm over cold period is 1.05, 0.79 and 0.88 for EEL, ST 1 and ST 
2, respectively, indicating that the influence of cold or warm period at EEL station (suburban area) is 
weaker compared to stations ST 1 and ST 2. It must be noticed that the latter results obtained from 
ST 2 for warm and cold periods are indicative but not representative due to low percentage of recorded 
data completion. 


The values of the Spearman’s correlation factor r among stations measurements were calculated using 
SPSS® statistical software (IBM SPSS Statistics 24) with 0.01 or 0.05 significance levels. There is 
no correlation between EEL station’s data and warm or cold period, while there is rather strong 
correlation between downtown data and warm or cold period (Table 3a). 


From the daily PMio concentrations recorded at Locations EEL, ST 1 and ST 2 the monthly variations 
of a typical year is calculated and shown in Figure 3. It is obvious that the variation of EEL’s PM1o0 
concentration is shifted down in comparison to corresponding variations of monitoring stations ST 1 
and ST 2. 


MEEL AST1 OST2 


PM p (ug m”) 


2013 2014 2015 2016 


Figure 2: Monthly averaged PMio concentrations at EEL station (suburban) in comparison to 
the corresponding PM10 concentrations at Locations of ST 1 and ST 2 (urban-traffic) during 
2013-2015 
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Table 2: Statistical analysis of monthly PMio concentrations (ug m°) during 2013-2015 at the 
monitoring stations EEL, ST 1 and ST 2 plus supplementary data 


Cold Distance Elevation 
PMio Month : Warm Period from above sea 
Period . 
shoreline (m) (m) 


Monitoring EEL Station, University of Patras Campus 
(geographical longitude 21°47'22’’; geographical latitude 38°17'22’") 
Range (ug m°) 5.7 = 24.7 5.7- 18.5 7.5 — 24.7 


Average m°? 13.7 13.3 14.0 

ge (ug m`) 1900 61 
St. Dev. (ug m°) 3.9 3.4 4.4 
Completion (%) 100.0 100.0 100.0 


Monitoring ST 1 Station, Drosopoulou Sq. 
(geographical longitude 21°44’18.35’’; geographical latitude 38°15’11.15’’) 
Range (ug m°) 26.3 -51.8  42.8-51.8 26.3-47.5 


Average m° 40.4 46.2 36.6 

ge (ug m`) iso T 
St. Dev. (ug m°) 7.7 4.0 7.3 
Completion (%) 27.8 22.2 33.3 


Monitoring ST 2 Station, King George A’ Sq. 
(geographical longitude 21°44’09.23’"; geographical latitude 38°14’45.51) 
Range (ug m°) 29.6 -58.5 30.6-56.7 29.6- 58.5 


Average (ug m° 39.5 42.1 37.0 

ete 400 19 
St. Dev. (ug m°) 7.6 7.3 fe? 
Completion (%) 100.0 100.0 100.0 


Table 3: Spearman’s correlation factor r for (a) monthly data during 2013 — 2015, and (b) 
monthly data of a typical year, among monitoring stations EEL, ST 1 and ST 2 


(a) EEL ST 1 ST 2 Warm/Cold Period 
EEL 1.000 0.745! 0.643? 0.048 
ST 1 1.000 0.867? 0.640! 
ST 2 1.000 0.401! 
Warm/Cold 1.000 
Period 


(b) EEL STI ST2 
EEL 1.000 0.624 0.608! 


ST1 1.000 0.794? 
ST 2 1.000 
' Correlation is significant at the 0.05 level 2? Correlation is significant at the 0.01 level 
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PM (ug m?) 
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Figure 3: Monthly variations of PMio concentrations at EEL (suburban) in comparison to the 
corresponding PM10 concentrations at Locations of ST 1 and ST 2 (urban-traffic) during 2013 
- 2015 


It is noticed that PMio range during a typical year is much less significant at EEL station compared 
to the corresponding range at downtown monitoring stations. Except that, the variation is similar at 
the monitoring stations; higher PM1o levels are recorded during cold and at early warm period where 
increased demands on heating purposes [11] and Saharan dust effects [12] occurred. Table 3b shows 
Spearman’s correlation factor among EEL, ST 1 and ST 2 for monthly data of a typical year. There 
is strong correlation (at 0.05 significance level) between EEL and ST 2. Analogous correlation is 
found between EEL and ST 1, but the rather low percentage of completion of ST 2 data prevents safe 
conclusions. 


In Figure 4, PMio yearly average concentrations from monthly values (Sites EEL, ST 1, ST 2) for the 
specific monitoring period are presented. The monthly PM1o levels at EEL location (suburban area) 
ranged from 5.7 to 24.7 ug m° (2013), 12.4 to 18.5 ug m° (2014) and 9.0 to 17.4 ug m° (2015). The 
yearly average PM concentrations were 13.9+6.0 ug m°, 14.7+2.0 ug m° and 12.5+2.3 ug m°, 
correspondingly. From GNMNAP’s database [11], during 2013, PMio levels at ST 1 location (urban- 
traffic) ranged from 26.3 to 51.8 ug m°. During the warm period of 2013 monthly values ranged from 
26.3 to 47.5 ug m’, while at cold period ranged from 42.8 to 51.8 ug m°. The corresponding mean 
values were 40.4+7.7 ug m°, 36.6£7.3 ug m° and 46.2+4.0 ug m°. No data are available during 2014 
- 2015 at GNMNAP’s database for ST 1. The monthly PMjo concentrations at ST 2 location (suburban 
area) ranged from 30.4 to 58.5 ug m° (2013), 30.3 to 49.3 ug m° (2014) and 29.6 to 56.7 ug m° 
(2015). The yearly average PM1o concentrations were 40.6+8.1 ug m°, 39.4+6.0 ug m”° and 38.7+9.1 
ug m°, correspondingly, showing a slight reduction. 


Table 4 summarizes statistical results for PMio annual values during 2013 — 2015. Additionally, 
relative results are presented separately for both warm and cold period for each year. It is clearly 
shown that the air quality at the UPC suburban area and the entire area is rather insignificantly 
affected by seasonal factors that influence PM 10 concentration levels. On the other hand, the increased 
concentrations that appear at downtown area during the cold period show that central heating sources 
also contribute to PMio levels. Annual PM10 concentration levels at UPC are below the EEA’s and 
US-EPA’s Limits and also the stricter WHO’s Guidelines (Table 1). On the other hand, the air quality 
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at Patras downtown seems rather aggravated by PMio concentrations during 2013 - 2015. At that 
period, the annual PMio levels at UPC remained practically constant, while the corresponding levels 
in Patras downtown show a somewhat decrease, as it is deduced by ST 1’s data. Cold’s period PMio 
levels were higher than warm’s period. 


Table 4: Statistical analysis of annual PMio concentrations (ug m°) during 2013-2015 at the 
monitoring stations EEL, ST 1 and ST 2 
Period Range (ug m°) Average + St. Dev (ug m°) Completion (%) 


Monitoring EEL Station, University of Patras Campus 


Year 5.7 — 24.7 13.9 6.0 100.0 
2013 Warm 7.5 — 24.7 15.2 + 7.2 100.0 
Cold 5.7 — 18.4 12.5 + 4.8 100.0 
Year 12.4- 18.5 14.7 + 2.0 100.0 
2014 Warm 13.2 — 18.5 15.141.9 100.0 
Cold 12.4- 18.5 14.342.2 100.0 
Year 9.0 — 17.4 12.5 2.3 100.0 
2015 Warm 10.4 — 12.9 11.7 1.0 100.0 
Cold 9.0 — 17.4 13.2 3.1 100.0 
Monitoring ST 1 Station, Drosopoulou Sq. 
Year 26.3 — 51.8 40.44 7.7 83.3 
2013 Warm 26.3 — 47.5 36.64 7.3 100.0 
Cold 42.8 — 51.8 46.2+ 4.0 66.7 
Year n/a n/a n/a 
2014 Warm n/a n/a n/a 
Cold n/a n/a n/a 
Year n/a n/a n/a 
2015 Warm n/a n/a n/a 
Cold n/a n/a n/a 
Monitoring ST 2 Station, King George A’ Sq. 
Year 30.4 — 58.5 40.6 + 8.1 100.0 
2013 Warm 30.4 — 58.5 39.6+ 10.4 100.0 
Cold 31.9 — 47.3 41.54 5.8 100.0 
Year 30.3 — 49.3 39.4+6.0 100.0 
2014 Warm 30.3 — 41.7 37.7+4.3 100.0 
Cold 30.6 — 49.3 41.0+7.3 100.0 
Year 29.6 — 56.7 38.7+9.1 100.0 
2015 Warm 29.6 — 43.9 33.6+5.3 100.0 
Cold 31.2 —56.7 43.9+9.5 100.0 


n/a: Not available data 


4. CONCLUSIONS 


Analyzing PMio concentrations for three monitoring stations in major Patras area during a three years 
period, we may conclude that Patras air quality depends on the city’s activities. Low annual levels of 
concentrations occur at the suburban area, below the limit values of EEA and US-EPA, as well as the 
WHO guidelines, while higher PMio concentrations are recorded at Patras downtown. Continuous 
maintenance of GNMNAP’s monitoring stations is great importance as the poor data completion of 
ST 1 prevents safe conclusions. Relocation and redesign of the GNMNAP’s stations may be 
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necessary, especially for the monitoring station ST 1, as its values are overlapped by the other station 
(ST 2) at the city center, while there are other more critical areas of Patras needing air pollution 
monitoring. 


60 


E) Year El Warm Period C] Cold Period 


2013 2014 2015 2013 2014 2015 2013 2014 2015 
EEL ST 1 ST 2 
Figure 4: Yearly variations of mean monthly PMio concentrations at EEL (suburban) in 


comparison to the corresponding PM10 concentrations at Locations of ST 1 and ST 2 (urban- 
traffic) for warm and cold period during 2013 - 2015 


PM, (ug m?) 
D 
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Abstract 

Mapping forest health condition, especially in protected areas, is a major concern for forest planning, 
biodiversity assessment and for understanding the potential impacts of antropic activities on natural 
ecosystems. In this context, at wide scale, remote sensing of satellite data is one of the most important 
data sources for monitoring health state of forest stand. Till now, many satellites and sensors with 
different resolutions suitable for variety of land cover monitoring tasks have been launched. Within 
all these sensors, those with high temporal and spatial resolution play an important role especially in 
mediterranean environment where high landscape fragmentation and spatial distribution of stand 
forest represent a limiting factor in vegetation analysis. 


The current work deals with the use of the Sentinel-2 images to produce long-term monitoring system 
based on the Normalized Difference Vegetation Index (NDVI). The study area is represented by the 
pinewood forest of Castelporziano, a protected area located in the metropolitan area of Rome (Central 
Italy), recently involved in a quick decline of vegetative condition due to a scolytidae (Tomycus 
destruens Mill.) pest propagation. 


Keywords: Remote sensing, NDVI, Sentinel-2, GIS, Mediterranean pinewood, Insect infestation 
1. INTRODUCTION 


Landscape fragmentation characterizes Mediterranean regions and causes an increase in 
environmental vulnerability, especially due to the antropic activities. As a consequence, many 
protected areas located in urban or peri-urban environments today are highly vulnerable towards 
landscaping changes that, in most cases, cause a decline of environmental quality and cultural 
heritage. In this context, monitoring forest health is a key indicator of environmental ecological 
conditions and, in particularly, for those performing an essential role in maintaining the ecological 
balance in vulnerable territories. 


Indeed, forestry ecosystems play a significant social, economic and environmental impact and 
nowadays they are considered a source of ecosystems services especially in peri-urban territory 
characterized by high population density. 


In this topic, the availability of high-frequency remote sensing time series represents an efficient tool 
in monitoring the evolution of an ecosystem to be assessed at different temporal and spatial scales. 


Among modern methods to monitor terrestrial ecosystems, remote sensing of multispectral satellite 
images is of primary importance thanks to its capability of providing synoptic information over wide 
areas with high acquisition frequency [Frampton et al., 2013; Sheeren et al., 2016; Topaloglu et al., 
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2016; Lia et al., 2017]. For this reason, scientists working in this field have developed vegetation 
indices (VI) for qualitatively and quantitatively evaluating vegetative cover using multi-spectral data. 
In fact, over forty vegetation indices have been developed during recent decades, amongst which the 
Normalized Difference Vegetation Index (NDVI) is the most widely used in monitoring the health 
conditions of forest surfaces [Bannari et al., 1995]. In fact, the degree of vigor in forest vegetation 
cover can be classified according to its spectral response, which in the red (630-690 nm) is strongly 
correlated with chlorophyll concentration, while the spectral response in near infrared (760-900 nm) 
is correlated by the leaf area index and green vegetation density. Thanks to these properties, NDVI 
can be utilized as an indicator of possible vegetation stress, particularly that due to water shortage or 
pest diffusion [Maselli 2004; Gooshbor et al., 2016]. 


In the present research, we have developed a monitoring system to map crown dieback of a coastal 
pinewood forest located in a protected area in the metropolitan area of Rome and that, in 2016, 
declined by a sudden diffusion of bark beetle (Tomicus destruens Mill.). To achieve this goal, we 
used a time series data set from 2015 to 2017, which is offered by Sentinel-2 satellite, provided by 
the European Space Agency (ESA) and processed according to NDVI index in a Geographic 
Information Systems (GIS) environment. Due to its high fragmentation, the pinewood stand has been 
previously determined, at the scale of forest unit, using a supervised classification of multispectral 
images and data fields. 


In order to correlate the various levels of NDVI decrease in risk classes, a campaign of field surveys 
was carried out in 2017 to correlate data acquired to vegetative vigor of pinewood. 


The results of this research allowed us to separate with high precision the pinewood canopy by the 
rest of the forest and, in this way, to diachronically analyze the vegetative vigor by using NDVI index 
in an accurate way. 


2. MATERIAL AND METHODS 


The study area is represented by the pinewood forest of Castelporziano, a State Nature Reserve 
located in a peri-urban area of the municipality of Rome, figure 1. Castelporziano has a total surface 
area of 6.000 ha and its land use is characterized mainly by forest and to a lesser extent by agricultural 
activities. 


This territory is the last remnant of the ancient Mediterranean coastal forest, in which the predominant 
species are broadleaf oaks (4.000 ha) and pinewood (900 ha) mainly characterized by Pinus pinea L. 
In particular, the pinewood forest of Castelporziano, with numerous trees aging over one hundred 
years or more, is the last remaining example today of mature pinewood forest along the Tyrrhenian 
coast after the recent fire, which occurred in August 2017, causing huge damage to the neighboring 
ancient pinewood forest of Castelfusano. For these reason, the territory of Castelporziano can be 
considered as a unique environment in terms of natural and cultural values [Recanatesi et al., 2013; 
Recanatesi 2014]. Furthermore, it is listed in the Habitat Directive with two Sites of Community 
Importance (SCI) and the whole territory is classified as a Special Protection Area (SPA). 

In October 2016, the ongoing environmental monitoring program in the Castelporziano pinewood 
forest, carried out by remote sensing of multispectral Sentinel-2 images, allowed the detection of a 
diffuse crown dieback in several areas due to a sudden infestation of Tomicus destruens Woll,. 


Before applying NDVI index, a preliminary classification of pinewood canopy, at forest unit scale, 
was required. Indeed, Castelporziano pinewood forest, at unit forest scale, especially along the shore, 
presents an heterogeneous distribution on the territory and, often, consociated with other species or, 
in other cases, with mediterranean macchia. 
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Figure 1: Nature State Reserve of Castelporziano (41°42°50’’N - 12°24’03’’E) and the 
metropolitan area of Roma 


Referring to resolution satellite data used, these characteristics represent a limiting factor in 
monitoring NDVI difference at unit forest scale. For this reason, using Quickbird satellite 
multispectral images (year 2002; 0.7m resolution) and Maximum Likelihood algorithm, a supervised 
classification of pinewood forest was conducted using over 150 points of training set derived by aerial 
photo interpretation and field investigations. Figure 2 shows an example of classification for a forest 
unit where pinewood canopy is classified and separated by other land cover stands. 


Once defined the canopy layer of pinewood forest for Castelporziano, a series of georeferenced 
Sentinel-2 images (06/21/2015; 06/08/2016; 06/06/2017), provided by the ESA, were analyzed to 
map forest decline using NDVI index. 


The Pinewood forest was assumed to be relatively healthy in 2015 and therefore the data relating to 
this period served as reference in this research. According to Richter’s atmospheric correction method 
(Richter et al., 2011), the selected images were corrected with the Sentinel Application Platform 
(SNAP) program running in Sen2Core. This performs the atmospheric, terrain and cirrus correction 
of Top-Of- Atmosphere Level 1C input data. Geometric distortion of the analyzed images was 
corrected with the rectified 10 m Digital Terrain Model (D.T.M.) provided by the Italian Ministry of 
Environment. 


The forest inventory data were acquired from the Mediterranean Ecosystem Observatory Office of 
Castelporziano in a GIS resource. This data base contained spatial information of individual stands, 
topographic features, species composition and biophysical information such as tree age, basal area 
and site index for each forest stand. In the present research all land use except pinewood forest were 
treated as non-forest and were excluded in the following analysis. 
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Using the NDVI image in 2015 as a reference, the 2016 and 2017 NDVI images were normalized by 
means of histogram match. The differential NDVI (ANDVI) could then be calculated as: 


NDVI g+ NDVI 
NDVI (¢) 


ANDVI¢_¢,,) = (1) 


The histograms of the 2016 and 2017 NDVI images are characterized by an approximately standard 
Gaussian distribution, centered at approximately ANDVI = 0. In accordance with the interpretation 
used by Wang (Wang at al., 2007; Wang et al., 2008), negative ANDVI in the left tail of the histogram 
reveals pinewood crown dieback and tree mortality attributed from loss of leaf moisture content. 
Positive ANDVI, in the right tail, of the histogram represents crown recovery of the pinewood. To 
create a map of the risk, a field survey was carried out in summer 2017 to define the risk classes based 
on ANDVI percentage values. To this aim, according with the methodology proposed by Ogaya 
[Ogaya et al., 2015] a conspicuous number of pine trees with different ANDVI was examined so as 
to classify them in different thresholds of decline as reported in Table 1. In this phase we visually 
determined the percentage of dead vegetative apices for sampled trees and stand canopy density. 


Once the risk classes had been defined and validated in the field, a preliminary analysis was conducted 
to correlate the risk classes to dendrometric variables, such as volume and age. To do this we matched 
map risk class information with volume and age layers detected at the scale of forest parcel. No 
environmental variable, such as slope, aspect or elevation, was considered in this study because the 
territory analyzed is mainly flat, being located in a coastal area. 


Table 1: Risk classes and relative A NDVI (2015-2017) percentage value 


Risk classes A NDVI 
Strong Recovery from +5 to +20% 
Neutral Recovery from -5% to just less than +5% 
Low Decline from -5% to just less than -15% 
Medium Decline from -15% to just less than -25% 
High Decline from -25% to just less than -45% 
Dead Plants -100% 


3. RESULTS 


The supervised classification of Quickbird images performed for the determination of pinewood 
canopy has resulted very efficient. Through a check carried out with over 70 control points, a Kappa 
Index of Agreement (KIA) of 85% was found. 


In the observation period 2015-2017, based on the classes risk reported in Table 1, in terms of 
pinewood decline four levels of forest change were identified from the ANDVI images: low decline, 
medium decline, high decline and dead plants respectively with 10, 17, 21 and 5% of the whole 
surfaced analyzed, the remaining surface (47%) was classified as strong recovery or, weak recovery. 
In figure 3 the risk assessment of the whole territory is reported and an example of methodology used 
is shown in the different steps: unit forest, the pinewood canopy layer extracted by supervised 
classification, the NDVI index applied to determine the risk classes calculated as difference for the 
observed period. 
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Figure 2: Pinewood forest canopy. From the top to bottom: Unit Forest pinewood (green 
dashed line); canopy cover derived by supervised classification of Quickbird images; 
Corresponding cells of the Sentinel-2 
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Figure 3: On the left: Castelporziano Nature Reserve zoning of the pinewood according to the 
identified risk classes shown in Table 1. On the right, an example of the methodology used: 
Forest Unit; Pinewood canopy layer; NDVI index for 2015, 16 and 17 with the classification in 

risk classes 


To determine/find out the effect of biological variables on the pinewood decline, we compared the 
occurrence rate for the class “high decline” (ANDVI from -25% to just less than -45%) with volume 
and age. For the latter, the correlation occurred just for that forest units in which the age was known. 
Nonetheless, from the results obtained and considering the observed parameter, it emerges that a 


strong correlation exists between age and pinewood decline (R7=0.6), as shown in figure 4. On the 


contrary, only a weak correlation was observed between volume and pinewood decline (R7=0.3), as 
shown in figure 5. Regarding the role played by volume in causing pinewood decline, it was observed 
that a significant increase in decline occurred starting from 350 m?/ha. 
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Figure 4: Comparison between pinewood age (years) and occurrence of the risk class - high 
decline 
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Figure 5: Comparison between pinewood volume (m*/ha) and occurrence of the risk class - 
high decline 


4. DISCUSSION AND CONCLUSIONS 


The high resolution classification concerning the canopy of Castelporziano pinewood today 
represents, in the medium and long term, a strategic tool in monitoring vegetation health condition 
by remote sensing data and Sentinel-2 multi-spectral images used in the environmental monitoring of 
the protected area of Castelporziano and has be proven to be both accurate and efficient in monitoring 
the health conditions of vegetation, by application of the NDVI index. 


Figure 6: Pinewood forest of Castelporziano and Dead pines detected by NDVI index. Photo 
images shows the consequent forest thinning action occurred in April 2017 


The calibration of the NDVI values in risk classes allowed us to zone the whole territory in terms of 


pinewood crown decline rate and consequently to plan efficacious measures to mitigate the spread of 
Tomicus in Castelporziano. In this way, from the first observation of Tomicus in the pinewood of 
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Castelporziano, which occurred in October 2016, a program of forest harvesting was promptly 
planned to mitigate the diffusion of pest in the rest of the Castelporziano pinewood. Thus, in just four 
months, almost 60 ha were subjected to forest thinning and, by 2018, another 100 ha will have been 
thinned as shown in figure 6 that shows the areas of decline detected by the NDVI index application 
and the consequent forest thinning measures already implemented. 
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Abstract 

This paper aims, through research and field measurements in open urban spaces, to study the behavior 
and effect of coating materials to the urban microclimate and to draw conclusions regarding the 
factors that affect the thermal comfort conditions. 


The study attempts to benchmark the effect of design parameters of outdoor urban spaces to the 
microclimate and the comfort conditions. Two urban areas in different urban centers, Thessaloniki 
and Kastoria in Northern Greece, are investigated. Considering the analysis of the design parameters 
and the effects of design interventions to the microclimate, it focuses on thermal indices expressing 
the conditions of thermal comfort of the users of urban spaces. 


Keywords: Thermal comfort, PMV, Urban Open Spaces 
1. INTRODUCTION 


The covering and construction materials in the contemporary cities and the urban geometrical 
characteristics affect the microclimatic conditions inside the urban centers (Lau et al, 2011). The 
radiant balance of the urban space, the convective heat exchange between the ground and the surfaces, 
the air flowing above the urban area and the heat generated within the city (Mihalakakou et al, 2002), 
(Santamouris et al, 1999) increase the air temperature in the city. The city has the capacity to modify 
local climate, and even creats environmental conditions that could be regarded as urban microclimate 
(Gago et al, 2013), (Giridharan et al, 2004). The urban microclimate affects the thermal comfort 
conditions in the city. 


In the present study two central open areas, a crossway and a square, are selected. The study areas 
are located in Northern Greece, Thessaloniki and Kastoria. A number of experimental procedures 
were carried out, in order to measure the surface temperature of asphalt, concrete and stones and to 
evaluate by using appropriate software the thermal comfort conditions in the study areas. Also, 
alternative proposals for upgrading are suggested. 


2. METHODOLOGY 


The field surveys involve surface temperature measurements by a thermal camera and microclimatic 
monitoring with portable mini-weather stations. 


The study areas are located in North Greece, Thessaloniki and Kastoria. The measurements took place 
during the summer period. 
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Figure 1: The two Urban Centers in North Greece 


The area in Thessaloniki is a central crossway, Metropoleos and Agias Sofias Street (Figure 2), and 
it consists of high building blocks (Table 1). Data from different measurement points along the streets, 


from different heights and orientation were collected. 


Table 1. Geometric Characteristics of streets, Thessaoloniki 


Av. Height Str Length, Av Str Width, 
Orientation H/w 
H (m) L (m) W (m) 
West 23 60 12.5 1.8 
North 21 70 14 1.4 
East 21 100 14 1.5 
South 18 50 14 1.3 


The area in Kastoria is the Dolcho Square, which occupies an area of about 1075m2. The height of 
the surrounding buildings is 3, 6 and 9m. The width of the northern road is about 8m, of the southern 
road is 6m, of the west side 9 m and of the east side 7-20m. On the other hand, the park is covered by 
stone plates and there are a few trees. 
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Figure 2: Study areas in Urban the Centers, Norh Greece 


3. ANALYSIS 


3.1 The crossway 

In the crossway the horizontal surface temperatures of asphalt were measured by a thermal camera. 
In Figure 3, both the observed and the simulated horizontal surface temperature for the crossway are 
presented, with the use of an ENVI-met model. The average deviation percentage between field 
measurement data and simulation result data, is about 5-8% for every street. The simulation model 
calculates greater horizontal Tsurf than the measured values. 


The Envi-met model were used to simulate the microclimatic conditions and the surface temperatures. 
The calculated values were close to measured data. The accuracy of the calculated data permit the 
simulation of the thermal comfort conditions. 
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Figure 3: Horizontal surface temperatures in the crossway 
According to the ENVI-met simulation results, the maximum horizontal surface temperature is 


observed at 13:00 pm at the streets located on the North-South axis, while at 15:00 pm at the East- 
West axis. The maximum calculated temperature approximates 52.20°C, in South Street (Figure 4). 


In Table 2 the temperature fluctuations of horizontal surfaces at 13:00 and 15:00pm, according to the 
simulation model are presented. 
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Table 2: Temperature fluctuation of horizontal surfaces by simulation model, crossway 


T Surface 

under 24.30 
24.30-28.76 

28.76-33.21 

33.21-37.67 
37.67-42.12 
42.12-46.57 
46.57-51.03 
51.03-55.48 
55.48-59.94 
up to 59.94 
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The Figure 4 we present a comparison of the variation of thermal comfort index PMV with the 
temperature variation of the Tsurf. The index PMV is increasing from 8:00am until midday. The 
increasing of surface temperature is continuing for two more hours. The decreasing of index PMV 
(reinstatement of thermal comfort) begins two hours earlier than the decreasing of Tsurf (except of 
the south orientated road). 


So, while the feeling of thermal comfort is gradually restored, the surface temperature of the materials 
remains in high levels. The maximum PMV is approximately 2.5 and displayed at 13:00 to 16:00pm. 
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Figure 4. The PMV index and the Tsurf, in each of the four differently orientated streets of 
the crossway 
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3.2 The Square 
In Figure 5, the surface temperatures of the covered materials in the square is presented. 
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Figure 5: Surface Temperatures of covering and other materials 
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Figure 6: Surface Temperature, Air Temperature (Tair), Black Ball Temperature 


In Figure 7 the surface temperatures of covering materials in Square and the Tair over specific 
materials on height of 1.20 to 1.50m are observed (Kosmopoulos, 2017). The Pv studio, Weather data 
analysis and Ecotect analysis are used in order to simulate the conditions. 
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Figure 7: Surface Temperature, Black Ball Temperature 
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Figure 8: Direct and Diffuse Radiation at the open space. 


In the questionnaires gathered, the thermal comfort conditions during morning, noon and afternoon 
time are investigated. A five-point scale has been used (very cold, cold, neutral, hot, very hot) in order 
to study the subjective comfort conditions. In Figure 9 the comfort conditions of Doltso Square are 
observed, during 12-17 July. 
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Figure 9: Subjective comfort conditions in square, 42 persons 
4. DISCUSSION AND CONCLUSIONS 


In this paper, we have presented data gatered from two central areas in two cities in Northern Greece. 
Although different measuring approaches have been used, very useful conclysions have been 
extracted regarding the thermal comfort conditions at the height of 1,20 to 1,50 m from the ground, 
which affect the persons that are walking or are sitted. 


Unfortunately, most of the open spaces of Hellenic cities, have been covered with “hot” materials and 
also suffer from lack of green (trees, grass tec) Thus, we may cloncluded our remarks as follows: 


After the analysis of Surface temperatures, air temperature, black ball temperature and the existing 
thermal comfort conditions intervention, proposals for the upgrading of the comfort conditions are 
wing. 


The replacement of the asphalt (tar) with perforated cement blocks over natural grass, and/or simply 
grass areas, and specific kinds of trees planted around the study area were analyzed. The improvement 
of the sensation of thermal comfort is presented in Table 3. 
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Table 3: Tmrt thermal index before and after the interventions 


EXISTING MATERIALS Tmrt PROPOSED MATERIALS Tmrt 
White cement stone plates Perforated stones 

65,9 63,4 
Stone plaques 

65,2 63,8 
White marble Grass or perforated cement plaques 

Cia  / at the parking places 
68,3 64,5 
66,3 62,4 


By comparing all the data gathered, it has been concluded that the replacement of the usually used in 
Greece open spaces materials (asphalt, concrete, stones) with perforated materials or grass, and the 
plantation of specific kinds of trees, improves largely the thermal comfort conditions of the urban 
microclimate. 


This research project has studied in two urban centers the thermal comfort conditions in open spaces 
with on site measurements, questionnaires and the use of software. The covered open areas by asphalt, 
concrete and stones is characterized by high temperatures that lead to the degradation of urban 
microclimate and the deterioration of thermal comfort conditions. The paper has led to conclusions 
and proposals towards the improvement of thermal conditions in urban centers and the optimization 
of urban environment. 
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Abstract 

This study investigates the thermal comfort conditions during the summer period in a central area of 
Northern Greece, Thessaloniki. In the study area takes place a large number of financial and social 
activities of the inhabitants. 


A number of in situ experimental procedures were carried out. Surface temperatures, microclimatic 
data and urban morphology data were gathered. Also, simulation models have been used to calculate 
the outdoor thermal comfort sensation. The thermal comfort indices which have been used is the 
Predicted Mean Vote, (PMV) which provides the average response of a large sample of individuals, 
the Predicted Percentage Dissatisfied, (PPD) which provides the percentage of people in a large 
sample who do not feel comfortable in a space, and the Standard Effective Temperature, (SET). 


Keywords: Thermal comfort, PMV - PET - SET 
1. INTRODUCTION 


The covering and construction materials in contemporary cities and the urban geometrical 
characteristics affect the microclimatic conditions inside the urban centers (Lau et al, 2011). The 
thermal comfort and energy efficiency of cities are largely determined by urban climatology, which 
in turn is influenced by the thermo-electric mechanisms of the structured environment and especially 
by atmospheric transport phenomena (Steemers, 2003). The most important parameters determining 
the degree of environmental stress as well as the energy losses of the built environment are the 
geometry of the buildings - open spaces, the vegetation rate, the building materials and ventilation of 
the urban spaces, as it results from the thermomechanical behavior of the surrounding atmosphere in 
relation to the urban terrain (Santamouris et al, 2001). 


The high UHI has a strong negative effect on thermal comfort of humans. In addition, higher 
temperatures in urban sections have led to an increase in peak and total energy demand (Golden, 
2004), (Oxizidis and Papadopoulos 2013). Strategies which include items such as shading, increased 
cooling from tree shading and building ventilation, as well as permeable pavements and higher 
reflecting surface materials could improve the thermal comfort sensation. Results from this and other 
similar studies, should nonetheless be utilized to determine the ideal and sustainable urban design for 
outdoor human comfort and heat mitigation (Hedquist and Brazel, 2014). 
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2. CLIMATE ANALYSIS IN THESSALONIKI 


The climate in the region of Thessaloniki can be considered as Mediterranean, with a strong 
continental influence in the different seasons. The temperature has the highest average in July and the 
lowest in January, the annual temperature range is close to 20 ° C, while in the cold season very cold 
air masses blow over and often frost the liquid. The average annual air temperature is around 16 ° C, 
the lowest average temperature (January) around 6 ° C while the highest (July) around 26 - 26,50 ° 
C. The annual rainfall is around 500 mm. Snow is not a rare phenomenon. The winds are different in 
seasons: in the winter prevail North winds from the valley of Axios (Vardaris), and less the western 
ones, in the spring the more frequent are the southwest, in the summer the northern and southwest 
dominate while in September the Southwest is diminished and in November the northern and the 
western dominate again at the region. 


3. METHODOLOGY 


The research is concluded by 3 different measurement and analysed cycles. 


During the first, a number of experimental procedures were carried out in order to investigate the 
effect of urban planning on microclimatic conditions. The study area is located in the urban center of 
Thessaloniki, Greece (Figure 1) in the crossway Metropoleos and Agias Sofias Street, and it consists 
of high building blocks. Data from different measurement points along the streets, from different 
heights and orientation were collected. The data gathered investigate the variation of Surface 
Temperature (Tsurf) on a 24 hours basis and Air Temperature (Tair). The measurements took place 
during summer. The field surveys involve surface temperature measurements by a thermal camera 
and microclimatic monitoring with portable mini-weather stations. The geometric characteristics of 
the streets and the observations for the measurement points are given in Table 1. 


Figure 1: Study area in Urban Center of Thessaloniki, Greece 
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Table 1: Geometric Characteristics of streets 
Av. Height Str Length, Av Str Width, 


Orientation H (m) iin) W (m) H/W 
West 23 60 12.5 1.8 
North 21 70 14 1.4 
East 21 100 14 1.5 
South 18 50 14 1.3 


Also, a simulation model ENVI-met is used in order to investigate the thermal comfort conditions in 
the study area. The gathered data for temperatures of vertical and horizontal surfaces and 
microclimatic data (Air temperature, Wind Speed, Wind Direction) from Masurement Points located 
in different places along the streets and on different heights is used (Kosmopoulos and Kantzioura, 
2014). The simulation results were compared with measurement data and the deviation was about 
8%, which is regarded satisfactory. 


During the second cycle, 28 points examined in Aristotelous’ square, in order to analyze the buildings 
and the existing vegetation at the level of annual shading. Data collection have been made with a 
specialized instrument in the study area while measurement system analysis lead and modeling data 
using appropriate software (Solar Pathfinder - SketchUp). Measurements took place during the day, 
when the less traffic volume prevailed, to achieve an accurate representation of the obstacle mask. 
Humidity, wind speed, and temperature measurements were also performed to analyze and simulate 
the characteristics of the area. The data analyzed by software (RayMAN) to extract thermal comfort 
indicators (Matzarakis et al, 2007). 


The paper refers to two open spaces in urban centers, in a city at Northern Greece. In these areas a 
large number of social and commercial activities take place. So, the study of the thermal comfort 
conditions is a very interesting subject. The size of the two areas is about 500 square meters but the 
two open spaces have different geometric characteristics. The one is a square and the second a 
crossway. 


We consider that the choice of these indexes describes optimal the conditions in the two open spaces, 
which are characterized by different geometrical characteristics. 


4. ANALYSIS 


4.1 Central crossway 

According the Vertical surface temperatures, the road located on the North-South axis appears 
different thermal behavior according to the orientation of each side of the road. The vertical surfaces 
of buildings’ fagade on west side develop high temperature during morning time, while on east side 
at the afternoon. Greater Tsurf is observed at west side. On West-East axis road, the maximum surface 
temperature is observed mainly during evening hours. The orientation of each side of the road doesn’t 
affect the thermal behavior of the surfaces, as observed in the North-South axis (Kantzioura and 
Kosmopoulos, 2016). 
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Figure 2: Temperature varation of vertical surfaces 


In order to investigate the Thermal comfort conditions in the central crossawy, the index PMV is 
calculated on pedestrian’s level, on 1.20-1.50m height. The 1.5m height is considered as 
representative pedestrian’s level of adults and children, seating and passing passengers 
(Kosmopoulos, 2017). 


The simulation model and the corresponding measurement data is referred in 21 July, the day of the 
maximum Tair in 24h basis in Thessaloniki, according to the Technical Guidelines of the Technical 
Chamber of Greece (TOTEE). 


The simulation time step is 1h, from 6:00 a.m. to 20: OOpm. The start time of the simulation model 
was set 2 hours earlier than the first in situ measurement (8:00 a.m.), in order to achieve the optimal 
predictive accuracy. 


The thermal comfort scale used is from -3 to +3 (Very Cold, Cool, Slightly Cool, Comfort, Slightly 
Warn, Hot, Very Hot). 


Table 2: Depiction of Thermal comfort index at 12:00pm 


PMV Value 80.005 
HE under -1.1 70.004 
E -1.1 to -0.8 eal 
E -0.8 to -0.4 
HE -0.4 to 0.0 50.004 
E +0.0 to +0.4 £ 

= 40.004 
E] +0.4 to +0.8 = 
= +0.8 to +1.1 30.004 
E i.i to +15 aa 
HE +1.5 to +1.9 S 
p] up to +1.9 10.004 

nat T T T T Li T T { T T T T T T T T 
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x (m) 
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In Figure 3, the PMV index and the Tair on pedestrian’s level, for each of the different orientated 
streets are observed. 
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Figure 3: The PMV index and the Tair, in each of the four different orientated streets, on 
pedestrian’s level. 


The feeling of thermal comfort starts from "comfort" in the morning (8:00 to 10:00) and gradually 
deteriorates in “very hot” at 14:00 pm-16: 00pm. In the afternoons, the PMV decreases gradually and 
restored the sensation of "comfort". The index PMV and the Tair have the same fluctuation during 
the day, especially in west oriented urban canyon. 


Increasing of Tair followed by an increase of thermal comfort index PMV, as well as decreasing of 
Tair leads to a decrease in the PMV (Figure 4). 


Air Temperature (°C), Envi-met 


“East «i North =i West — South 


Figure 4: Fluctuation of index PMV and Tair 


The Figure 5 comparing the variation of thermal comfort index PMV with the temperature variation 
of the horizontal surfaces Tsurf. The index PMV is increasing from 8:00am until midday. The 
increasing of surface temperature is continuing for two more hours (Figure 5). The decreasing of 
index PMV (reinstatement of thermal comfort) begins two hours earlier than the decreasing of 
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horizontal surface temperature (except of the south orientated road). The maximum PMV is 
approximately 2.5 and displayed at 13:00 to 16:00pm. 
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Figure 5: The PMV index and the Horizontal Tsurf, in each of the four differently orientated 
streets 


In Figure 6, the correlation coefficient p between the thermal comfort PMV, the air temperature at 
pedestian’s level and surface temperature of the horizontal surfaces is calculated. The correlation 
between the PMV and Tair is about 0.7, and between the PMV and Tsurf is about 0.8-0.9. 


It is concluded that there is satisfactory correlation and the thermal comfort conditions are affected 
by the air temperature and the horizontal surface temperature. 
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Figure 6: Correlation coefficient between PMV and Tair, and between PMV and Tsurf. 
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4.2 central square 
The square's area comprises to the left and right large high-rise buildings that shade a large part of 
the open space during the day, resulting in the drop-in temperature values at single points. 


Table 3: Annual rate of shadow at the square. 


MONTH PERCENTAGE% UNSHADED | SOLAR RADIATION, 
AREA KW/m2/day 
JANUARY 39,97% 0,71 
FEBRUARY 50,23% 1,46 
MARCH 58,96% 2,35 
APRIL 65,07% 3,19 
MAY 67,18% 4,08 
JUNE 69,50% 4,93 
JULY 68,40% 4,82 
AUGUST 65,11% 4,06 
SEPTEMBER 59,60% 2,84 
OCTOBER 51,72% 1,64 
NOVEMBER 42,71% 0,84 
DECEMBER 35,59% 0,54 


The results of the shading models presented in Table 3 show the difference in energy load and solar 
input rate generated during the year in the square area. It is observed that there is an increase of the 
solar load and expansion of the solar space during the summer period (Fig.7). The requirements for 
shading in the summer affect the levels of thermal comfort, resulting in the adaptation of the planning 
strategies. The vegetation in the space and reaching levels of thermal comfort is a powerful planning 
tool aimed at the decisive intervention of the engineer in the field. An important factor is also the 
materials of the square, the main part of which is made of granite, asphalt and marble resulting in the 
high density of the material, which works in relation to the large area of coverage as a large heat 
storage in the summer (Kosmopoulos, 2008). 


Figure 7: 21/6, shading model in summer season. 


An important element on the record of data in the study area is the dynamic movement of the wind 
and the pressure around the Aristotle square which is under consideration. The wind analysis 
represents graphically (Fig. 8,9) those points that develop high velocities between the obstacles in the 
space as well as in the hidden places where the wind remains stationary. The modeling of velocity 
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and wind direction in the Aristotle square area uses a wind speed model of 3 m/s for average values 
as well as 7.5 m/s, which is the average of maximum values. The models were reviewed for the 
summer of | June - 31 August. 
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Figure 8: North Wind 3m/s. l Figure 9: Pressure of N. Wind. 


The wind movement is a key factor in creating thermal comfort which is used to increase comfort 
levels when high outdoor temperatures prevail during the summer period. In order to achieve upgrade 
levels, changes to the direction and reduction of the speed in specific parts of the study area should 
be considered. The graphical of wind velocity gradient as shown in Figures 8 and 59 is an important 
information that explains the way in which the square's behaviorand the thermal comfier conditions 
will improve. 


Modeling of trees in the field of study was carried out in order to analyze the behavior of the area 
during the day. Trees which have been recorded are evergreens, bitter oranges, and coconut trees. The 
ave height of the bitter oranges is about 6 meters long and the average height of the palm trees at 9- 
12 meters (Moumtzakis, 2013). 


Table 4: Length of shadow related to the type of vegetation. 


Month - Hour Type of vegetation Height Length of shadow 
21 June - 09:00 Bitter orange 5.569 m 6.644 m 

21 June - 12:30 Bitter orange 5.569 m 1.834 m 

21 June - 15:00 Bitter orange 5.569 m 5.305 m 

21 June - 18:00 Bitter orange 5.569 m 15.469 m 

21 June - 09:00 Palm tree 11.735 m 14.959 m 

21 June - 12:30 Palm tree 11.735 m 7.253 m 

21 June - 15:00 Palm tree 11.735 m 11.300 m 

21 June - 18:00 Palm tree 11.735 m 33.529 m 


The RAYMAN software evaluates the comfort conditions in the study area, analyzes the input data 
and informs the user of the thermal indices prevailing at the reference point. The indicators are PET 
that examines the human energy balance (Matzarakis et al, 2007), PMV, which is the average vote of 
a set of people expressing their reaction to thermal sensation under different environmental 
conditions, on a scale ranging from -3 to +3, and SET which provides a reasonable basis for measuring 
the equivalence of any combination of environmental factors, clothing, and metabolic rate (Guodong 
et al, 2003). 


The research based on the work of two basic scenarios. The first scenario estimates at the existing 
situation while the following scenario attempts to improve the conditions that exist by adding 
vegetation components to the site. The inputs are a) temperature b) humidity c) wind speed d) activity 
data and clothing. The temperature factor analyzed in two phases 1) in the set of maximum averages 
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and 2) in the average set, thus an unfavorable scenario can be evaluated, while in the second case a 
regular one can be studied. 
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Figure 11: Thermal comfort indicator points. 2nd scenario with vegetation in the summer 


Analyzing the results of a survey (Table 5), observed a significant reduction in thermal comfort 
indicators. The intervention - outdoor upgrade is effective during the summer months. 
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Table 5: Thermal Comfort Indices 


CURRENT SITUATION BIOCLIMATIC DESIGN 
SUMMER UNPLEASANT SUMMER UNPLEASANT 
SCENARIO CENTRAL PART SCENARIO CENTRAL PART 
PMV PET SET PMV PET SET 
2,9 35,2 27,6 1,9 28,7 21,2 
Hot Hot Warm Warm Warm Slightly cool 
SUMMER MILD SUMMER MILD 
SCENARIO-CENTRAL PART SCENARIO-CENTRAL PART 
PMV PET SET PMV PET SET 
1,0 26,6 19,1 -0,1 20,8 12,4 
Slightly Slightly Slightly cool | Comfortable | Comfortable Cold 
warm warm 
SUMMER UNPLEASANT SUMMER UNPLEASANT 
SCENARIO SOUTH PART SCENARIO SOUTH PART 
PMV PET SET PMV PET SET 
3,2 36,6 28,9 2,2 30,9 26 
Very Hot Hot Slightly Warm Warm Slightly 
warm warm 
SUMMER MILD SUMMER MILD SCENARIO 
SCENARIO-SOUTH PART SOUTH PART 
PMV PET SET PMV PET SET 
1,2 28 20,4 0,3 22,3 14,8 
Slightly Slightly Slightly cool | Comfortable Slightly Cool 
warm warm cool 


5. CONCLUSIONS 


The urban geometry and vegetation influences the surface temperatures, the microclimatic parameters 
in the urban centers and configures the conditions inside the urban canyons. 


The present study indicates that the thermal behavior of buildings’ envelope is affected by the urban 
geometry, the measurement height, the orientation, the position of the measurement points along the 
street. Also concluded, that there is a correlation between the surface temperatures and air 
temperatures on pedestrian’s level. This correlation affects the microclimatic conditions and the 
thermal comfort sensation in outdoor spaces. 


The present study should help effectively in improving the urban microclimatic conditions and in 
energy efficiency design of buildings, according to the specificities of each position in the built 
environment. 
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Abstract 

Todays’ refugee crisis is considered an unceasing challenge of the current century, since the mass 
exodus of people from their own country has exponentially increased. The consequences of this 
worldwide phenomenon are much bigger than the actual issue itself. Migrants and refugees flocking 
into Europe from the Middle East, South Asia and Africa, have presented European leaders and 
policymakers with a heavy task since the debt crisis. Syria is presenting the biggest humanitarian and 
refugee crisis of recent years, a continuing cause of suffering for millions of people. This massive 
immigration is known as the “Middle East Refugee Crisis”, and obviously it has affected all the 
neighboring to Syria, countries including Greece. Refugee movements in such astonishing numbers 
are prospective to produce rampant, quotidian effects on social, environmental and political sector of 
the receiving and hosting regions’ local community. 


The purpose of the present research was to explore the knowledge, awareness and attitudes towards 
waste management and “special waste” management of residents in Lesvos Island, a migrant 
receiving community. As “special waste” are considered the life jackets, rubber dinghies and 
fiberglass boats. In the spring of 2017, a questionnaire-based survey was administered on Lesvos 
Island. Furthermore, the findings revealed the locals’ total environmental awareness as well as their 
perceptions towards refugee crisis that Greece is being confronted with. The issue of waste 
management is vital in receiving and hosting regions, since the settlement of refugees in regions that 
don’t have the capacity to absorb the pressure of huge influxes is expected to cause social instability 
and pose a threat to national security. 


Keywords: Syrian Refugee Crisis; Waste Management; Environmental Awareness; Special Wastes; 
Lesvos; Greece 


1. INTRODUCTION 


Living in a world where nearly 20 individuals are forcibly displaced every minute as an outcome of 
environmental disasters, persecutions or conflicts, every human being on this planet is witnessing the 
highest refugee movement ever recorded. According to UNHCR an unprecedented 65.6 million 
people around the world have been forced to leave home at the end of 2016, while almost the 22.5 
million are refugees, over half of, whom are under the age of 18 (UNHCR 2018). 


Today, undeniably, migration is being exploded in a number of ways: in coverage, in politics and as 
an area of academic inquiry. In 2015, Global Risk Reports have recognized water as the most 
significant challenge globally, and the principal economic and societal jeopardy for the years to come. 
Although the world as a whole has plentiful freshwater resources, seasonal scarcity as well as spatial 
discrepancy of freshwater, aggravated by climate change, is developing as a critical peril for 
numerous areas worldwide (Zhang 2015). 
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One of the foremost phenomena challenging the countries influenced by immigration are refugee 
camps where huge numbers of displaced people settle down at places that were not prepared for such 
enormous influx (Braun et al. 2016). Host countries, due to the spontaneous nature of migration, often 
lack the means to plan effective camp constructions. Despite the fact, both refugees and the host 
populations could benefit from a strategic plan of infrastructure and social services by UNHCR or 
the non-governmental organizations (Braun et al. 2016; Perouse de Montclos and Kagwanja 2009). 
Furthermore, the particular numbers of dwellings, people who live in them, the size of the camp and 
the conditions of the surrounding areas need to be estimated. It is quite obvious that large camps 
accelerate land degradation (Braun et al. 2016). 


Evidently, whenever refugees settle in a specific area, it is proven that they will affect the social, 
environmental and political sector of the hosting region. Due to lack of appropriate planning and 
anticipation for such an intense increase of people arriving, specifically when the hosting nation does 
not have sustainable and integrated management plans, the problems that are caused are unaffordable 
(Kherfan 2016). 


The aim of the research was to explore the knowledge, awareness and attitudes towards waste 
management and “special waste” management of residents in Lesvos Island, a migrant receiving 
community. The findings revealed the locals’ total environmental awareness as well as their 
perceptions towards refugee crisis that Greece is being confronted with. 


2. THE SYRIAN CIVIL WAR 


In early 2006, Syria and The Fertile Crescent experienced the worst 3-year drought ever recorded 
there. The drought exacerbated existing water and agricultural insecurity and caused massive 
agricultural failures and livestock mortality. The most significant consequence was the migration of 
as many as 1.5 million people from rural farming areas to the peripheries of urban centers. 
Government agricultural policy is prominent among the many factors that shaped Syria’s 
vulnerability to drought. De Chatel (2014) explains how the 2006-2010 droughts in Syria led to the 
uprising increase of emigrants that followed the years after. She particularly argues that it was not the 
drought per se that generated a conflict and produced millions of refugees but the government’s 
failure to respond to humanitarian needs affected by environmental reasons (Kelley et al. 2015). 


With poor governance and unsustainable agricultural and environmental policies, the drought led to 
environmentally-induced migration from rural Syria to urban. Subsequently, the greater population 
density in cities and the increased unemployment contributed to people’s frustration with the 
governmental and political unrest being at state. In 2011 this unrest was further triggered by the Arab 
Spring, which led to the Syrian civil war (Kelley et al. 2015). Pro-democracy protests, all-over the 
country, stood against President Bashar Al Assad’s, who was characterized by authoritarianism, 
political corruption and human rights violation. Protesters were armed with the help of opposition 
militias who were fighting against governmental forces. At 2012 the conflict has erupted in a full- 
grown civil war between the pro government ones against the ones opposing to it (Holliday 2013). 
This ongoing war causes massive migration of people from Syria and the surrounding countries to 
Europe (Skanavis and Kounani 2016). 


3. THE IMPACTS OF REFUGEE CRISIS IN GREECE 


Greece has faced immense challenges under the pressure of the ongoing “European refugee crisis”. 
Still covering from the 2008 financial crisis, Greece was not prepared to deal with such a massive 
migration flow (Skanavis and Kounani 2016). The Greek islands close to the Turkish borders were 
affected the hardest by the refugee crisis and while the political and humanitarian challenges of the 
migration flow were immense and gained precedence in the global media, the environmental 
challenges were over looked. 
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Many of refugees made their way through Turkey to Greece, and eventually to other European 
countries. According to the UNHCR, since 2014 more than one million refugees have crossed over 
the Aegean Sea from Turkey to Greece in order to reach European soil (UNHCR 2017a). Greece 
became a major migration route and while most of the people arriving in Greece were from Syria, the 
country saw also an unprecedented number of migrants from other countries such as Afghanistan and 
Iraq, as well as smaller numbers from countries such as Eritrea, Somalia and Sudan (UNHCR 2015). 
In 2015, and the years before, the refugees and migrants traveled through the Greek islands and 
quickly continued their journey to Athens and onwards to other European countries. But as the Balkan 
countries built fences and closed their borders, refugees got stranded, at the borders and in all of 
Greek mainland. With an unambiguous departure date many of the refugees in Greece today are 
trapped (Skanavis and Kounani 2016). Greek islands in particular were intended as transition routes, 
but have now become migrant host communities. For instance, on the island of Lesvos just 8 to 10 
km off the Turkish coast, the local population saw unprecedented numbers of migrants arriving in 
2015 and early 2016. While the numbers of sea arrivals have decreased and people have been 
transferred further on to mainland Greece, there are still an estimated 5,000 migrants and refugees 
residing on the island (UNHCR 2017b). This is a nearly 6% increase of Lesvos’ local population of 
86,436 residents, a percentage which takes its toll on an island community (Hellenic Statistical 
Authority 2014) 


The environmental effects of mass migration movements on host environments are alike to those of 
overpopulation (Lee 1995). On the Greek islands in particular, these impacts included pressure on 
water and energy demand, soil destruction, air pollution, deforestation and increased waste 
production. Especially, the enormous amounts of waste from the life jackets and rubber dinghies that 
the migrants used to cross the sea pose a massive challenge to the Greek islands. However, with 
inadequate landfill capacity and no facilities in Greece to recycle these materials from the life jackets 
in particular, the islands are not only being confronted with the challenges of refugees but also the 
ever increasing amounts of waste (Skanavis and Kounani 2016). 


To conclude with, the refugees’ footprint can be summarized as: pressure on water and energy 
demand, soil destruction, air pollution, deforestation, waste production. However, every refugee crisis 
is unique and needs to be observed and managed as an individual condition (UNHCR 2011). 
Therefore, overpopulation of Greek islands is projected that it causes significant environmental 
degradation. Greece was not well organized to deal with the refugee flow while being in a harsh 
economic crisis (Skanavis and Kounani 2016). 


4. THE CASE OF LESVOS ISLAND 


The island of Lesvos, located in the North-Eastern Aegean Sea, has a coastline of 370 km and is 
separated from the Asia Minor coast, to which it is geologically related, by two shallow channels 
ranging from 6 to 14 miles (10 to 23 km) wide, the Muselim (north) and the Mitilini (east), which 
join at the apex of the triangular island, forming the entrance to the Turkish Gulf of Edremit 
(Encyclopaedia Britannica 2017). 


The Municipality of the island of Lesvos consists of 13 sections and 190 villages with a total 
population of 85,412 residents (Hellenic Statistical Authority, cited in Skanavis and Kounani 2016). 


4.1 Municipal solid waste (MSW) production and environmental management of Lesvos 
Island 

According to receiving data from the “Service of Planning Department, Cleanliness, Recycling, 

Waste Collection” of the Municipality of Lesvos the amounts of MSW on the island is about 100 

tones/day in winter and ranges from 120-130 tones / day in the tourist season. Specifically, the amount 

of unsorted waste and the recyclables in years 2013 to 2016 are depicted in Table 1. 
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Table 1. The amount of produced solid wastes 


Year Total Amount of Total Amount of Total amount of 
Municipal Solid Waste Recyclables Produced waste 
(tones/year) (tones/year) (tones/year) 
2013 33,228.93 z 33,228.93 
2014 37,146.39 1,285 38,431.39 
2015 36,322.14 2.186 38,508.14 
2016 38,056.71 2,844 40,900.71 
2017 39,108.72 3,322.1 42,430.82 


(Municipality of Lesvos 2018) 


The responsibility of uploading, disposal and recovery of wastes is placed on the Municipal Waste 
Management and Environmental Development Company of Lesvos. Sorting, compression, and sale 
of recyclables is occurred in a private center, the Recycling Sorting in Moria area, run by the company 
““Sea-Lesvos Foundries Recycling SA” (Skanavis and Kounani 2016). 


4.2 Management of “special wastes” 

The major waste problem the island of Lesvos is being confronted with, due to refugees’ inflows, is 
the disposal of plastic from their life jackets and inflatable crafts, which remain behind upon their 
arrival to the island. Plans have been proposed in order to deal with the issue. Moreover, landfill 
capacity is not adequate for the unexpected inflow of people in the islands where refugees arrive. The 
volume of lifejackets and boats collected until December 2017 was about 20,000 cubic meters. This 
type of waste has been collected and transferred to 3 municipal stations, in an effort to find a way to 
recycle it. The materials, though, the life jackets are made from, cannot be recycled in Greece 
(Skanavis and Kounani 2016). 


5. METHODOLOGY 


In May 2017, a questionnaire-based research was conducted in order to evaluate Lesvians’ attitudes 
towards the waste management of their region, the management of “special” waste, as well as their 
awareness towards environmental issues. 


5.1 Research area 
The research area was the island of Lesvos. 


5.2 Research instruments 

The implementation of the questionnaire was on a door-to-door basis. The questions, the total 
numbers of which were 35, were derived from other research projects and were divided into 4 groups. 
The first group of 6 questions inquired demographics information. The second group of 6 questions 
provided data towards the perceptions of the participants on general environmental issues. The third 
group of 18 questions supplied information according to the knowledge, perceptions and willingness 
to behave towards the MSW management and the management of the “special” wastes produced by 
the refugees. The final group of 5 questions provided data towards their perceptions on refugee crisis 
Greece is confronting 


For the statistical analysis of the received data, SPSS was used. 
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5.3 Research sample 

The research sample was composed of the inhabitants of Lesvos Islands, the total number of whom 
were 140. The sample was a random selection of residents of the specific island, during the summer 
months of 2017. The age of the participants and their gender are presented in Figures 1 and 2. 


32.90% 
als “27.90% ae 
30% 24.30% 55.70% e e MET 
20% E women 
10% 
0% 
18-25 26-35 36-45 46-65 
Figure 1. Inhabitants of Lesvos age groups Figure 2. Inhabitants’ gender 


The marital status of the participants and their number of children are shown in Figures 3 and 4. 


more than 3 children || 0.7% 


3 children M 4,3% 


2children M 28.62 


11.40% onechild M 20.7% 
2.10% 1 
10 i TT... 
single married divorced widowed 0,0% 10,0% 20,0% 30,0% 40.0% 50,0% 
Figure 3. Marital status of Lesvos Figure 4. Participants’ number of children 


inhabitants 


Their educational level and professional condition is presented in Figures 5 and 6. 


Master's Ph.D., Primary . 
Degree, __ 1.40% chool, High ae 
12.90% 2 retired e 
1.40% 
householding 
Uni it unemployed 15.70% 
niversi 
y 
graduate, Lyceum employed 80.70% 
40% graduate, 
ý 40% 
Figure 5. Educational level of Lesvos’ Figure 6. Professional condition of Lesvos’ 
residents participants 
6. RESULTS 


The questions of the questionnaire were divided into four groups. The results are presented in a similar 
way. 
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6.1 Participants’ Total Environmental Awareness 

First of all, most of the participants (87.1 %) considered themselves as environmentally aware 
individuals, while the 10.7% were apathetic and the 2.1% weren’t aware. Moreover, the 92.9% 
appeared to worry about the environment of their region, whilst the 5.7% were not perturbing and the 
1.4% had no worries. 


At the same time, Lesvians’ aspects about the weightiness of the following environmental challenges 
for Greece, on a scale of 1 (not serious at all) to 5 (extremely serious) are depicted in Table 2. 


Table 2. Lesvos residents’ aspects about the weightiness of the following environmental 
challenges for Greece, on a scale of 1 (not serious at all) to 5 (extremely serious) 


N Mean SD Min Max 

Environmental- Climate Refugees 140 4.11 1.09 1 5 
Water pollution 140 4.02 0.96 1 5 
Increase in Municipal Solid Waste Production 140 4.00 0.94 1 5 
Deforestation 140 3.85 1.09 1 5 
Climate change 140 3.83 1.17 1 5 
Air pollution 140 3.78 1.00 1 5 
Ozone depletion 140 3.52 1.20 1 5 
Endangered species 140 3.32 1.26 1 5 
Valid N (listwise) 140 


(N= sample size, Mean= mean, SD= standard deviation, Min=Minimum, Max= maximum) 


6.2 Lesvos residents’ Attitude towards Waste Management and management of “special” 
wastes 

Concerning the management of MSW, the residents’ of Lesvos Island were asked some questions in 

order to be assessed for their knowledge on the particular issue. Most of them (90%) appeared to be 

aware of “who collects the MSW of their region”, while the 80.7% were knowledgeable “where the 

collected waste is taken for final disposal”, and the 72.1% knew about “the bad effects of ill-treated 

solid waste”. 


In the sequel they were asked some questions in order to be assessed about their attitudes towards the 
waste management. So, most of them appeared to worry (94.3%) about whether the final disposal of 
MSW is environmentally secure. 


Regarding Lesvian participants’ perceptions on the issue of “special” waste that their region is being 
confronted with, are presented in Table 3. 


Table 3. Lesvos residents’ attitudes towards “special” waste issue [On a scale of 1 (strongly 


disagree) to 5 (strongly agree), they agree with the following statements] 
N Mean SD Min Max 


Inadequate "special" waste collection and disposal influences tourism 140 4.42 0.86 1 5 
Inadequate "special" waste collection and disposal influences public health 140 4.26 0.77 1 5 
The management of "special" waste is urgent 140 4.25 0,67 2 5 
Recycling infrastructure is needed to solve the "special" waste problem 140 4.23 0.80 1 5 
Worry about the collection and disposal of "special" waste 140 3.92 0.88 1 5 
The solution in refugees' crisis will solve the problem of "special" waste 140 3.86 1.20 1 5 
Using the process of combustion could solve the problem of "special" waste 140 2.54 1.26 1 5 
Valid N (listwise) 140 


(N= sample size, Mean= mean, SD= standard deviation, Min=Minimum, Max= maximum) 
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Finally in Figure 7 are shown Lesvians’ points of view towards the municipality’s way of waste 
collection in their region. 


very satisfied, 
0.71% very disappointed, 
3.57% 


disappointed, 
25.00% 


satisfied, 26.43% 


indifferent, 
44.29% 


Figure7. The extend of Lesvians’ satisfaction towards the waste collection of their region 


Finally, the residents of Lesvos appeared to have the willingness “to participate in protests” in a 
percent 54.3 %, “to inform the mass media for the condition in MSW management of their region” 
in a 38.6%, “to support an NGO in order to put pressure on local authorities and government” in a 
portion of 30.7 %, “to pay for waste management” in a percent 18.6 %, “to do nothing” in a percent 
17.1% and “to move to another Greek region due to the environmental degradation” in a small quota 
(5.7%). 


6.3 Residents’ Attitude towards the refugees’ mass arrivals in their region 
Firstly Lesvos’ inhabitants were asked in what extent they worry about the refugee crisis and their 
perceptions are depicted in Figure 8. 


not at all, 5% 
a little, 6.40% 


enough, 20% 


a lot, 23.60% 


Figure 8. The extend of Lesvians’ worry towards refugee crisis 


Concerning Lesvians’ options towards the refugees’ mass arrivals in Greece are depicted in Table 4 
and their perception towards the way Greece dealt with refugee crisis. 
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Table 4. Lesvos residents’ perception towards refugees mass arrivals 
[On a scale of 1 (strongly disagree) to 5 (strongly agree), how much do you agree with the 
following statements] 
N Mean SD Min Max 


Inadequacy of the state mechanisms causes environmental pressure 140 4.3357 0.7158 2 5 


Mass refugees influx causes environmental pressure in receiving regions 140 4.1714 0.8562 1 5 


Refugees arrivals could cause conflicts between the inhabitants of receiving 140 4.1357 0.7885 I 5 
region and refugees, due to the competition in natural resources 


Valid N (list wise) 140 
(N= sample size, Mean= mean, SD= standard deviation, Min=Minimum, Max= maximum) 


Table 5. Lesvians’ perception towards the way Greece dealt with refugee crisis 
[On a scale of 1 (strongly disagree) to 5 (strongly agree), how much do you agree with the 
following statements] 


N Mean SD Min Max 
Due to the economic crisis, Greece hasn’t had the appropriate infrastructure to deal 140 4.1286 1.137 1 5 
with the consequences of refugees inflows. 
Greece was ready to deal with refugees influxes 140 1.5643 1.0051 1 5 
The way in which the refugee crisis has been addressed in Greece, is satisfactory 140 1.7643 0.9642 1 5 
Valid N (list wise) 140 


(N= sample size, Mean= mean, SD= standard deviation, Min=Minimum, Max= maximum) 


Regarding Lesvians’ perceptions on how it would be more appropriate to address the refugee issue 
the 48% answered through “repatriation of refugees”, while the 51.4% said “the resettlement in other 
European areas”. Finally, only a portion of 8.6%, proposed as a solution “ the resettlement of refugees 
in other Greek areas”. 


7. DISCUSSION 


Studying the results of the conducted research it is preferable to deal with each group of questions 
separately in order to acquire a holistic perception of the issue at stake. 


7.1 Total Environmental Awareness 

Most of Lesvos’ dwellers (87, 1%) considered themselves as environmentally aware and appeared to 
worry about the natural environment of their region. This increased proportion of environmentally 
aware citizens is most likely due to the fact that the Department of Environment of the University of 
the Aegean is based at Lesvos Island, which means that locals are more often, environmentally 
confronted, with generated information. Furthermore, concerning the general environmental issues 
(Table 3), as they reside in an area that is the receiving point of refugees’ mass inflows, it appears 
that “Environmental-Climate Refugees” were the most serious environmental challenge that Greece 
is facing (mean= 4.11). 


7.2 Attitude towards waste management and management of “special wastes” 

Locals of the island (90%) appeared to be aware who collects the MSW in their region, and 80.7% of 
them even knew the place the collected MSW are being transferred to for their final disposal. 
Moreover, a percentage of 72.1 the inhabitants were mindful of the negative effects of ill-treated solid 
waste. And the vast majority appeared to worry about the environmental security of the MSW’s final 
disposal. 


Referring to the management of “special wastes”, as it is depicted in Table 3, the citizens worried 
about the collection and disposal of “special” wastes since they believed that the inadequate collection 
and disposal would influence tourism and public health. These reactions are justified, since 
inadequate waste collection results in indiscriminate waste disposal in any available land and into 
surface water bodies, causing water and soil pollution with series of environmental and human health 
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risks (Onu et al 2014). Furthermore, surveys on tourism sector have revealed that it can be seriously 
influenced by the poor solid waste disposal, although it is also a generator of solid wastes as well 
(Bashir and Goswami, 2016). This way the locals perception that the “special waste” management 
issue is an urgent one for Lesvos connecting it with the refugee crisis issue, finds grounds to be 
supported. 


7.3 Residents’ Attitude towards the refugees’ mass arrivals in their region 

As the literature refers, poor host countries’ fear of letting refugees put further strain on the already 
scarce resources of theirs and cause instability in the country, making them to want to only offer 
impermanent settlement in refugee camps as an alternative of letting them integrate (Dyrholm and 
Lindholm Mikkelsen 2013). The integration of refugees is contingent on the tolerance of host 
communities. Where the activities of refugees threaten the social system of the host population, 
peaceful coexistence is likely to be a problematic one (Miledzi Agblorti and Awusabo-Asare 2011). 


The findings of the specific research revealed the same situation in Lesvos Island. So, Lesbians 
appeared to worry “extremely” (45%) and “a lot” (23, 6%), while at the same time, they strongly 
agreed that mass refugees influxes could cause environmental pressure in receiving and hosting 
regions (M=4.17) and the inadequacy of the state mechanisms could contribute negatively in that 
pressure (Mean=4.33). Also, the inhabitants maintained that refugees’ mass arrivals could cause 
conflicts among locals and refugees due to the competition in natural resources. 


On the issue of how Greece has tackled the refugee crisis, the locals of Lesvos expressed that Greece 
was not ready to deal with refugees’ influxes, while at the same time it was facing an economic crisis 
that hasn’t been handled in a satisfactory way. Finally almost half of them proposed as a solution “the 
repatriation of refugees” and the transfer and resettlement of refugees in other European countries. 


8. CONCLUSIONS 


Syrian war has all the characteristics to be considered as a climate induced war, since the impacts of 
climate change had caused environmental and economic instability, facts that in the sequel posed 
social and political instability and triggered conflicts. Syrian refugees undoubtedly should be 
considered as environmental refugees, though they are supposedly individuals that fled from their 
homes for the fear of war. In the matter of fact, the environmental degradation of the region caused 
by war, would end being in such extent, that they will not be able to return to their homeland after the 
war’ s ending, as they won’t have access to healthy natural resources. 


Greece, the main transit point for refugees who arrive on European shores, is among the countries 
that are less financially able to handle the influx. The Greek economy is still reeling from the 
economic crisis and the massive austerity measures required by the three international bailouts from 
2010 onwards. There are fears that unabated refugee flow and its impact on the economy create the 
risk of adding xenophobic elements in the country. Initially the locals have welcomed the refugees 
with open arms. However, later on they have begun to dislike having an international community for 
which too many resources are being spent for helping out refugees, while ignoring the economic 
plight of Greece, which the refugee crisis has intensified. 


The displaced people who are not resettled and rehabilitated in a sustainable way, after the 
degradation they cause to the region, they will soon become environmental refugees, not only trying 
to find a safer place to go on in life, but are also in search for a place to secure their survival, based 
on basic human rights like food, water and sanitation availability. The same environmental problems 
will become a nightmare for the residents of Lesvos due to the intense environmental impact. 


The current migrant situation in Europe and Greece in particular, is referred to as the “European 
refugee crisis”. Europe is awed by the massive flow of migrants and refugees crossing its borders and 
hasn’t responded in a satisfactory way. Having in mind climate change and the massive numbers of 
migrants expected to be mobilized by the impacts of climate change, it is obvious that measures to 
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deal with the migration flows are needed. At the governmental level the migration crisis will be dealt 
with through border control, security measures, and integration policies as appropriate to the specific 
laws and interest of the country. However, what is frequently ignored is the environment. Therefore, 
there is a necessity for measures to confront the environmental impacts in a localized manner and to 
build environmental resilience in zones prone to climate migration. 
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Abstract 

The constant evolution of current technologies widens the horizons of practices concerning a number 
of different environmental sectors. Thus, nowadays it can be possible to implement “smart 
applications” in micro - managing and improving cultivations to verify the successful outcome of the 
crops produce. The current environmental situation (climate change, extreme weather conditions, 
destruction of ecosystems, etc.) calls for the implementation of such methods, in order to protect and 
insure a framework for sustainable environmental development. The purpose of this paper is to review 
the present situation of mobile applications which are associated with field crops such as cotton 
(Gossypium spp) and possibly expand the used methodology in other species, in order to provide 
adaptable plants in the wider spectrum of sustainable production. An application named ‘Cotton 
Diseases’ was developed via App Inventor 2 an open - source web application, provided by 
Massachusetts Institute of Technology (MIT), to provide educational and scientific content on cotton 
diseases and parasites. Whereas, an evaluation was conducted through questionnaires directed to 
students of Agriculture University of Athens and agriculturalists for the usage of said application. 
Finally, the research provided a number of conclusions, as well as suggestions to better bridge the 
gap between technology and environment for a common purpose. 


Keywords: Mobile application, Agricultural sector, Environmental sustainability, Technology, 
Cotton 


1. INTRODUCTION 


The global increase of population, the stronger demands for food, the climate change and the struggle 
to maintain or increase the number of crop yields leads to discover new ways to cover the existence 
needs. Researches show that one out of nine people suffers from chronic hunger and 12.9% of the 
population in developing countries is undernourished (World Bank, 2012). Thus, technology could 
be one of the solutions to meet the needs as well as to improve the environmental sustainability. 


On the other hand, the widespread use of smartphones, tablets and plethora of existing mobile 
applications have brought significant changes in the everyday life of people in various sectors. The 
term ‘mobile application’ or ‘mobile app’ refers to a type of application software designed to run on 
a mobile device, such as a smartphone or tablet. Mobile apps frequently serve to provide users with 
similar services to those accessed on PCs. They are generally small, individual software units with 
limited function. The diversity of mobile apps is the most important asset which explains their 
popularity and enormous usage. Users are able to communicate, entertain, and get informed about 
topics of interest such as work, education, lifestyle and scientific context. Mobile apps are particularly 
easy to use as they are accessible for all ages and regardless of the educational level. An additional 
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advantage is the technological features of the mobile devices (e.g. smartphones, tablets), such as easy 
internet access, geographic positioning system (GPS) which supports specialized navigation services 
and the ability to storage large amount of data base. 


Initially, mobile apps were designed to fulfill users' daily needs, such as email, weather, and calendar. 
In recent years, rapid technological development has contributed to the development of apps with 
specialized content (Arampatzis, 2017). For instance, mobile apps cover the entire productive 
spectrum of an enterprise or organization and provide general and specialized information in the 
scientific field. Agriculture is one of the most important sectors for both the economy and the 
environmental sustainable development worldwide. However, the development of agricultural mobile 
apps is still in its infancy. Already existing agricultural mobile apps (about 1,300 apps) mostly offer 
agricultural news, agricultural activities, management of irrigation systems, management of crop 
sensors, productions of yield forecasting and registration of soil types and are related to the needs of 
the farmers and agricultural businesses (Ntaliani et al., 2008; Karetsos et al., 2014; Costopoulou et 
al., 2016).Moreover, there is a small number of agricultural mobile apps related to the environmental 
impact of agricultural practices. 


Bridging the gap between intelligent technology and agriculture, could be achieved through the 
deployment of specific applications regarding traditional cultivation of each country. In particular, 
Greek agricultural history is linked to the cultivation of cotton. Cotton products are widely used, both 
in the industry (e.g. textile, fiber, feed) and have an important place in the economy. The largest 
cotton production comes from India, China, the USA and Pakistan. Greece holds the 13% place in the 
world cotton production and the 7" place in the world cotton exports (World Cotton Production and 
Exports, 2018). In this light, the objective of this paper is two-fold: firstly, to investigate the current 
situation of mobile apps for cotton production and its diseases and natural enemies; and secondly, to 
develop a pilot mobile app for cotton diseases and natural enemies for agricultural educational 
purpose. The structure of the paper is as follows: Section 2 provides an overview of mobile apps for 
sustainable production on field crops such as cotton (Gossypium). Section 3 describes the modeling 
and the development of a mobile app entailed ‘Cotton Diseases’ app. In addition, the results of a 
questionnaire survey conducted for evaluating the proposed app are presented. The participants in the 
survey were students by the Agricultural University of Athens and agriculturalists. The last section 
provides the conclusions and possible directions for a better relationship between mobile apps, 
agriculture and environment in the future. 


2. ASURVEY ON COTTON MOBILE APPS 


Mobile technology is a sector with the fastest growth and high rates of increase worldwide. This rising 
digital culture consist of developers, software platforms and thousands of users. Innovations in this 
technology are expanding not only for what can be done with mobile apps but also making these apps 
more accessible to a larger number of users. Mobile apps are accessible through distribution 
platforms, known as app stores and the most known are Apple App Store, Google Play Store and 
Windows Phone Store. Moreover, in 2016, consumers downloaded 149.3 billion mobile apps and it 
is predicted that in 2021, 203.6 billion more mobile apps will be downloaded (Statista, 2016). In 
addition mobile apps show a noteworthy prospect of innovation in the agricultural sector and may 
bridge the gap between technology and the environment. Prospects are auspicious, as they can boost 
farm income, ensure optimal quality characteristics in the production, and use lower inputs during the 
growing season and agricultural practices. According to the World Bank the benefits of these apps in 
the development of the agricultural sector could be achieved through the following ways: 


e Provision of better access to information: By providing to producers immediate access to valid 
information relating to weather, pests and diseases, better environmental management as well as 
to market information and increased demand. 
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e Provision of better access to agricultural extension services: Valid information and counseling for 
good agricultural practices can be given. 


e Provision of better connection with the market and networks: Helping producers, suppliers and 
buyers be more efficient and less manipulated. 


In order to identify mobile apps regarding cotton production, in Apple App Store, Google Play Store 
and Windows Phone Store, a survey based on particular characteristics has been carried out 
(Costopoulou et al., 2016). The characteristics are as follows: 


Logo: the graphic mark of app; 

Title: the name of app; 

Category: the agricultural topic or task covered by the app; 

Language: available languages; 

Geographical coverage: the country or countries in which the app can be used; 
Date: the release date of the app or the date the app has been updated; 

Cost: the cost for acquiring the app (e.g. free, subscription or one-off payment); 
Rating: evaluation of the app from the users; 

Support: operating system and devices that support the app. 


The survey has been conducted during November 2016 till January 2017. Twenty six mobile apps 
have been identified, and have been described according to the aforementioned characteristics. The 
analysis of the survey per characteristic has shown the following results: 


Category: Agricultural information on variety topics (8%), weather forecast(8%), tools and GIS 
(8%), calculators (4%), agricultural management(42%), productivity(11%), education 
(19%) (Figure 1a). 


Language: 70% of the apps support only the English language, 22% of the apps support two 
languages i.e. English and a second language, and 8% support more than two languages. 


Geographical coverage: 33% of the apps have limited geographic coverage and 67% have global 
geographical coverage 


Date: 30% of the apps were released in 2016, 22% of the apps in 2015, 26% of the apps in 2014 
and 22% of the apps were released between 2010 and 2013. 


Cost: 94% of apps were purchased free and 4% of apps required payment for download. 
Rating: The rating was fairly low. 


Support: 42% of the apps are supported by iOS, 27% are used by Android, 23% of the apps are 
supported by Android and iOS, 4% for Android, iOS and Windows and 4% for Android 
and Window (Figure 1b). 


3. THE COTTON DISEASE MOBILE APP 


This section presents the development and the evaluation of the proposed mobile app for cotton 
diseases. In particular, the deployment of this app has been chosen for the following reasons: Firstly, 
cotton is one of the traditional cultivations of Greek agriculture. Greece is the main cotton producer 
country of the European Union (Papakosta, 2013). In particular, cotton is produced mainly in two 
Member States on around 300.000 ha. Greece is the main cotton grower, with 80% of European 
cotton area, followed by Spain with a share of 20%. Also, cotton production can be considered as a 
pillar of economic growth for Greek agriculture. Secondly, the cultivation of cotton is characterized 


336 


Protection and restoration of the environment XIV 


as a demanding cultivation because of the agricultural techniques that are used, such as fertilization, 
pesticides, irrigation and herbicides. Third, the quality criteria for cotton fibers are very strict and 
Greek production manage to fulfill them. Finally, Greek cotton producers as well as agriculturalist 
students need specific knowledge, such as valid information about various practices for different 
diseases and parasites of cotton to intend a sustainable production and eco-friendly practices. 


OPERATING SYSTEMS -SOFTWARE 
MOBILE APPS CATEGORIES 


Android, 
Windows PROCUCTIVITY 


4% ia 11% 
` 


TOOLS AND GIS 
29 


Android, iOS, 


Windows 
“ MANAGEMENT 
42% 
Android CALCULATOR: 
27% 4% 
WEATHER 
8% 

Android, iOS 


23% 
INFORMATION 
8% 


iOS 


42% EDUCATION 
K 19% 


Figure 1: a) Mobile apps categories, b) Mobile apps operating systems 


3.1 App development 

The proposed app entitled ‘Cotton Diseases’ app has been developed for the Android operating system 
(OS) for smartphones. It uses App Invertor 2, an open - source web application, provided by 
Massachusetts Institute of Technology (MIT) that creates software applications for the Android OS. 
It uses a graphical interface, which allows users to drag-and-drop visual objects to create an 
application that can run on Android devices. The decision of using Android OS is based on the 
rationale that this OS has greater freedom in its development program. The development was based 
on the "drag-and-drop building blocks" system (Figure 2), which signifies that the assignments were 
already made and the user could transfer them to specific blocks (Pokress and Veiga, 2013). 


The key functionality of the app includes a front screen comprising three options (buttons) namely 
bacterial disease, fungal diseases and natural enemies, such as Heliocoverpa armigera, Pectinofora 
gossypiella (Ioannou, 1988). Touching on the first option certified content about a bacterial disease 
as well as images of the symptoms is revealed. The second option provides data and information 
about fungal diseases and images with the symptoms (Figure 3), and the last option information about 
different parasites, which are the most dangerous for Greek cotton production. The ‘Cotton Diseases’ 
app provides educational and certified content (in Greek) on cotton diseases and parasites and is 
directed mainly to Greek cotton producers and students. It could be purchased free of charge through 
Google Play and is able only for Android devices. 


3.2 App evaluation 

A questionnaire survey has been conducted in order to evaluate the proposed app. The survey has 
been conducted during February 2017 and the sample consists of 59 participants. 36 participants were 
students of the Agricultural University of Athens and 23 participants were agriculturalists (Table 1). 
The initial version of the questionnaire was pre-testes by two volunteers so as to be checked for its 
clarity. The online version of the questionnaire is based on the Google Forms and includes 18 
questions about demographic characteristics, the usage of agricultural mobile apps and the benefits 
of "Cotton_Diseases" app during the yield practices. Indicative examples of questions are "Did you 
find the app useful for recognizing any symptom?" or "Would you like to use this agriculture app or 
any other?" 
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Figure 2 & 3: A screen of ‘Cotton Diseases’ App Inventor 2 - A screen of cotton symptoms 


Table 1: Sample Demographics 


Profile of Respondents Frequency Percentage (%) 
Gender 
Male 36 61 
Female 23 39 
Age (yrs.) 
18-25 36 61 
26-35 10 17 
36-45 6 10 
46-55 7 12 
Educational level 
AUA students 36 61 
Producers 23 39 


The evaluation of the app was divided into two parts, namely the evaluation by the students referring 
to the participants of the age group 18-25 years old, and the evaluation by the agriculturalists referring 
to the participants of the age group of 26-35, 36-45 and >45 years old. The evaluations is as follows. 


3.2.1 Evaluation of the app by students 

The analysis results shows that most of the students use smartphone (56%) and 44% use both 
smartphone and tablet. None of the participants uses a tablet only. As far as students' mobile device 
software is concerned, 50% of them are Android based, 33% are iOS based and 17% are running 
Windows. All of the participants use mobile apps mainly for social networking (facebook, whatsapp, 
viber, instagram, twitter, snapchat) as well as for games and educational applications. For the ease of 
use of the ‘Cotton Diseases’ app, 11% of the responders found it difficult to moderate, 47% somewhat 
easy, while 42% very easy to use. Regarding the ease of finding information, 3% answered that it was 
a bit easy, 8% moderate, 53% fairly easy and 36% very easy. For the information structure, 0% found 
the organization chaotic, 2.8% almost chaotic, 2.8% said the organization was moderate, 13.9% 
considered the organization good, 50% fairly organized and 30.5% organized. The screen switching 
was characterized by 8% of the students as modest, 39% as helpful and 53% as very helpful. 84% of 
the students answered that they would use the app and 16% would not. 56% responded that they 
would pay for the app while 44% responded negatively. Considering ‘Cotton Diseases’ app in general 
terms, 5.6% rated it moderate, 16.7% good, 41.7% satisfactory, and 36% fully satisfactory. 83.3% 
would suggest applying to other users, while 16.7% would not suggest it. Regarding improvements 
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to the ‘Cotton Diseases’ app, 33% suggests improved information, 39% improvements in images, and 
28% do not consider the need for further improvements. 


3.2.2 Evaluation of the app by producers 

According to the educational level of the producers, 39% of them are graduates of high school, 18% 
have higher education (IEK etc), 22% holds university degree, 21% hold a postgraduate or a PhD. 
39% of the responders has only a smartphone and 61% have both devices (smartphone and tablet). 
52% of the producers holds Android mobile device, 26% iOS mobile device and 22% Windows 
mobile device. Furthermore, 91% use daily various types of mobile apps and 9% does not have any 
apps in their mobile devices. Concerning the type of the apps that they already use, 61% of the 
responders use informative apps, 17% games, 13% social networking apps, 4% educator and 5% other 
type. For the ease of use of the app, 9% found the difficulty level to be moderate, 43% somewhat 
easy, while 48% very easy to use.Regarding the finding of information, 22% answered that it was a 
bit easy, 48% fairly easy and 30% very easy.As for the information structure, none of the found the 
organization chaotic, 13% said the organization was moderate, 9% considered the organization good, 
52% fairly organized and 26% organized.Regarding the question of whether the texts presented are 
informative, 9% responded almost not as well as little informative, 22% responded moderately, 52% 
found it quite explanatory and 17% very informative.74% responded that they would pay for the app 
while 26% responded negatively.Considering ‘Cotton Diseases’ app in general terms, 4% rated it 
moderate, 18% good, 52% satisfactory, and 26% fully satisfactory. 96% of the participants would 
suggest this app to other users, while 4% of them would not suggest it. 30% of the responders believes 
that the provided information could be improved, 22% the provided images, 5% the switching of 
monitors can be improved and 43% do not suggest any changes neither for information, images or 
switching of monitors. It is worth noting that all of the producers willing to use the app during the 
growing season. 


4. CONCLUSIONS 


Recent technological advances, new mobile products and the strong demand of the agricultural 
stakeholders as well as consumers has resulted in the notable need to develop agricultural mobile 
apps to support various kinds of services, such as weather forecasting, eco-friendly managements and 
to insure easy access to valid agricultural information, communication between producers etc. It has 
been observed that in the mobile agricultural app market, the number of displayed apps is around 
1.300, which reflects a small number in relation to the importance of agriculture in global 
environmental issues, such as climate change, as well as in the economy and business sectors. For 
this study, twenty six mobile apps regarding cotton production were studied based on their 
technological characteristics and their provided content. The majority of the selected apps are free of 
charge to download, 96% and 4% were on payment. iOS is the main platform among the publishers 
for mobile agricultural apps (42%), closely followed by Android (27%). In addition, Windows 
platform offers a few mobile agricultural apps. However must be mentioned that 31% of the selected 
apps could be purchased by all the platforms. In addition, most apps’ primary language is English. As 
far as the usage of agricultural mobile apps by Greek producers and students, the results show that a 
very small amount of people take advantage of the technology and more specifically from the mobile 
apps. The explanation of this phenomenon could be the absence of agricultural apps with Greek 
content, poor explanatory information or scientific advices for the Greek environmental conditions, 
lack of awareness of the app beneficial outcomes in the agricultural practices, and minor usage of 
apps by important stakeholders. It is noteworthy, that in the age group above 45 years old, technology 
does not have an important factor in their daily life; participants in that age group did not own any 
technological product, such as smartphones or tablets. The advantages of agricultural mobile apps 
may be important but the development of these kind of apps presents a lot of challenges, described 
as follows: 
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For the development of mobile agricultural applications, the contribution of stakeholders from 
different sectors is important, such as producers, agronomists, agriculturalists, programmers, 
mathematicians and meteorologists. 


The development of agricultural mobile apps should provide information on crop cultivation 
techniques and its needs, aiming at economic and predominantly environmental sustainability. 


Agricultural mobile apps should be developed for different geographic locations, as each area is 
characterized by different soil and climate conditions. In plants with high requirements in 
cultivation techniques, the development of agricultural apps is necessary for low risk 
management. 


Seminars could be organized to inform the producers for the benefits of the apps usage and 
universities should include specialized lectures for students. 


Agricultural stakeholders should be appropriate informed, educated and persuade producers to 
use agricultural mobile apps. 
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Abstract 

The introduction of invasive mosquito species in the Mediterranean area along with intense 
urbanization poses new challenges for both scientists and policy makers. The last decade has seen the 
wide spread of the invasive Asian tiger mosquito Aedes albopictus in various urban ecosystems of 
Greece. Compared to native species, Asian tiger mosquitoes are accompanied by greater risks of 
infectious diseases, higher nuisance levels, and increased expenses for their confrontation. 
Consequently, future decisions on mosquito control should take these risks into consideration. Public 
perceptions and preferences regarding these risks are crucial in order to make decisions more 
responsive to citizens’ needs and thus more effective. The aim of this paper is to investigate various 
socio-economic aspects of the Asian tiger mosquito problem, through a web-based questionnaire. The 
survey was conducted nationwide, aiming to record (a) the impact of invasive mosquito species in 
Greek households, (b) associated costs and perceived risks, and (c) priorities and policy directions in 
mosquito control. The results indicate that citizens are highly concerned with the health risks 
associated with the new mosquito species and consider public prevention strategies highly important 
for the confrontation of the problem. The spatial patterns of these results are further investigated 
aiming to identify regions with different levels of risk and/or policy priorities. 


Keywords: urban ecosystems; Asian tiger mosquito; web survey; infectious diseases; citizens' 
preferences 


1. INTRODUCTION 


In recent years, concern has arisen over the threatened increase in mosquito-borne diseases in the 
Mediterranean region as new sanitary and environmental risks emerge, including the appearance of 
chikungunya, dengue and West Nile viruses, calling for the adoption of specific measures and 
strategies by both policy makers and scientists. These public health challenges are associated 
particularly with the presence of the Asian tiger mosquito (Aedes albopictus), an invasive mosquito 
species implicated in the transmission of a wide range of human pathogens. The first presence of the 
Asian tiger mosquito in Greece (in north-western prefectures) is dated back to 2003 [Samanidou- 
Voyadjoglou et al., 2005], and it was confirmed for the first time in Athens (Attica Region) in 2008 
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[Koliopoulos et al., 2008]. The mosquito problem in Greece, as in other parts of Europe, has recently 
intensified and is favoured by both the geographic position and climatic conditions of Greece. 


The invasive mosquito species (IMS) problem can affect the economy and society in various ways, 
through impacts on human and animal health, as well as on various services and activities. These 
impacts generate certain economic costs related to control strategies, public health expenses, illness 
treatments, productivity losses, information and awareness campaigns, and economic losses in 
tourism and other sectors. Economic impacts can be direct or indirect. Direct economic impacts are 
represented by the net increase in spending as a result of the appearance of IMS and include, for 
example, control-and-surveillance programmes, private expenditures and direct medical costs. These 
are the most clearly defined impacts as they can be expressed explicitly and immediately in monetary 
values. Indirect impacts include effects on residents’ quality of life, impacts on public health, costs 
associated with new research and management services (in both the public and private sectors of the 
economy), effects on tourism, and so on. Indirect effects are often difficult to evaluate as they cannot 
be expressed easily in monetary terms. Various valuation techniques are usually applied, such as 
stated preference methods (e.g. the contingent valuation method, choice experiment method, etc). 


Studies conducted in Europe and the USA have examined the socioeconomic benefits and costs 
associated with the overall mosquito problem [e.g. John et al., 1992; von Hirsch and Becker, 2009; 
Dickinson and Paskewitz, 2012; Halasa et al., 2014; Brown et al., 2015; Bellini et al., 2014; 
Kolimenakis et al., 2016; Bithas et al., 2018]. Most of these studies conclude that the perceived 
benefits that arise from the reduction of nuisance levels and health threats exceed the costs of 
prevention and control strategies against various mosquito species. Some of these studies have 
focused on the assessment of the non-market benefits of mosquito control programs [e.g. John et al., 
1992; von Hirsch and Becker, 2009; Dickinson and Paskewitz, 2012; Halasa et al., 2014; Bithas et 
al., 2018]. The present study aims to enrich the existing literature by investigating: (a) the impact of 
invasive mosquito species on Greek households, at the national level, (b) the associated costs and the 
perceived risks, (c) the priorities and policy directions in mosquito control from a citizen's 
perspective, and (d) the spatial variation in these results. 


2. METHODS 


The implementation of a web questionnaire followed a process of surveys and evaluations 
[Kolimenakis et al., 2016; Bithas et al., 2018] aiming to elicit citizens' preferences for mosquito 
control strategies as well as to evaluate the effectiveness level of prevention programs in Greece. The 
present study was designed to address qualitative dimensions not previously recorded in the surveying 
processes and to extend the sampling of answers at the national level, using a web questionnaire in 
order to save costs. For this purpose collaboration was established with a web meteorological platform 
of high visiting frequency (www.meteo.gr) in order to increase the geographical dispersion of the 
sample. It should be noted that the specific web platform had already implemented a real time 
monitoring application for the identification of mosquito presence, covering the whole of Greece. 


The questionnaire was specifically designed to elicit citizens’ opinions regarding certain socio- 
economic aspects of the mosquito problem. The overall aim was to examine and then to validate at 
the national level a set of parameters related to private prevention costs for IMS and to investigate 
individual preferences between various mosquito control programs. The questionnaire contained an 
introductory page explaining the purpose of the study and some general information about the Asian 
tiger mosquito and its associated health risks. The first questions focused on the respondents’ 
knowledge of the Asian tiger mosquito. The next questions concerned: (a) the current perceived level 
of nuisance during the day and separately at night (rated using a 5-point Likert scale), (b) the portion 
of the year (months) with significant mosquito nuisance, (c) the monthly household expenditure for 
private prevention measures, and (d) the main reasons for taking individual prevention measures (1.e. 
they had to choose between health risk reduction and nuisance reduction). Subsequently, participants 
were asked about the importance of taking further public measures for mosquito control (using a 5- 
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point Likert scale) and further questions were included to identify the main targets of future public 
control measures/programs. The final section of the questionnaire focused on participants’ 
demographics (age, residence area, family status). 


For the purpose of our survey, a special banner appeared on the home page of the host web platform 
from which visitors followed a link to the web survey. The banner appeared randomly to visitors, but 
a selection bias could arise due to (i) the non-representative nature of the internet population in general 
and users of meteo in particular, and (ii) self-selection of participants - the ‘volunteer effect’ 
[Eysenbach, 2004] which was possibly related to their interest in mosquito control. The survey took 
place in September and October 2016 with a total of 1,204 responses from all over the country. The 
regional distribution of the final sample is presented in Table 1. This distribution is quite 
representative of the population (see Table 1) but it is also a first indicator of regional differences in 
people’s attitudes and experience of mosquito-associated problems. 


Table 1. Sample distribution per region 


Sample Population! 
Frequency Percent Residents Percent 
Attica 664 55.1% 3,827,624 35.39% 
Central Greece 43 3.6% 547,390 5.06% 
Central Macedonia 131 10.9% 1,881,869 17.40% 
Crete 57 4.7% 623,065 5.76% 
Eastern Macedonia and Thrace 49 4.1% 608,182 5.62% 
Epirus 35 2.9% 336,856 3.11% 
Tonian Islands 33 2.7% 207,855 1.92% 
North Aegean 12 1.0% 199,231 1.84% 
Peloponnese 49 4.1% 577,903 5.34% 
South Aegean 26 2.2% 308,975 2.86% 
Thessaly 60 5.0% 732,762 6.78% 
Western Greece 38 3.1% 679,796 6.29% 
Western Macedonia 7 0.6% 283,689 2.62% 


1 Data from population census in Greece, conducted by the Hellenic Statistical Authority (2011) 


3. RESULTS 


Most of the respondents to the web questionnaire (89.5%) already knew of the Asian tiger mosquito 
and health risks before the survey. About 66% of the respondents reported that the Asian tiger 
mosquito is established in their residence area. Regional differences in this response are relatively 
small (ranging from 55% to 71%) and are not significantly correlated with the actual detection of this 
mosquito species over Greece [Badieritakis et al., 2018]. Therefore, public perception cannot safely 
be used as an indicator of the presence of Aedes albopictus in an area. 


In contrast to the study of Bithas et al. (2018), which reported a higher nuisance during the night than 
the day in the region of Attica, we found that nationally night nuisance levels are almost identical 
with the daytime levels, with a mean value of 3.6 on the 5-point Likert scale (indicating a nuisance 
level between average and high). Figure 1 presents the distribution of the perceived nuisance level at 
night, as well as the regional variation of the mean nuisance value. Figure 2 presents the 
corresponding perceived nuisance levels during the day, which can be taken as an indication of the 
nuisance caused by the Asian tiger mosquito (which, unlike native mosquitoes, causes biting nuisance 
b). According to these results it can be concluded that respondents living in the regions of Eastern 
Macedonia and Thrace, Peloponnese, Central Greece and Western Greece experience a higher 
daytime biting nuisance which can be attributed to the presence of the Asian tiger mosquito. 
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Figure 1. Nighttime nuisance (Likert scale 1-5: 1= no nuisance, 5= intolerable nuisance): mean 
nuisance by region and distribution of individual responses 
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Figure 2. Daytime nuisance (Likert scale 1-5: 1= no nuisance, 5= intolerable nuisance): mean 
nuisance by region and distribution of individual responses. 


As shown in Figure 3, the average “nuisance period” according to the survey respondents follows an 
approximately normal distribution and lasts 5.7 months on average approximately. The regional 
variation of this period is depicted in the corresponding thematic map (Figure 3), revealing a longer 
nuisance period in South and South-eastern regions. 
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Concerning the private prevention costs, it was found that households are paying on average 17.6 € 
per month when mosquitoes are active. This estimate is much higher than that found by Bithas et al. 
(2018) in the Attica Region (6.6 €/month). This difference may be attributed to the self-selection of 
participants, which is likely to be related to their interest in mosquito control, which in turn may 
depend on the nuisance level. Therefore, these results are likely to be overestimates, but can be used 
in order to explore the regional variation in prevention costs. In order to do so, we estimated the 
annual prevention costs by multiplying the monthly costs by the nuisance period. The average annual 
cost in our sample was found to be 100.1€/household. Significant spatial variations were observed in 
these estimates (Figure 4), as annual costs ranged from below 80€ in some regions (e.g. Thessaly and 
the North Aegean) to over 125€ in others (e.g. Eastern Macedonia and Thrace, and Central Greece). 
This variation may be an indirect indicator of the magnitude of the mosquito problem, which is 
strongly associated with the nuisance conditions in each area. It should be also noted that this revealed 
behavior concerning prevention can be used as a proxy of individuals’ potential benefits from 
improved control measures in each region. 


Figure 5 shows which of health and nuisance appears to be the respondents’ main reason for taking 
individual prevention measures. Nuisance seems to be the main reason in about 73% of respondents, 
while health risks are stated as the main reason in only 27% of the sample. It should be also noted 
that: (1) nuisance was considered more important than health risks in all regions, and that (2) the two 
regions where health risks appear to be more related with individual prevention strategies (costs) are 
those of Central Greece and Western Greece. This result partly contradicts the findings of Bithas et 
al., (2018), who found health to be the main prevention priority for citizens of the Athens metropolitan 
area, but on the other hand is in accordance with the findings of most of the recent literature. However, 
as will be seen below, when expenses are viewed from the point of view of a public good, citizens 
are more concerned with the threats to health than with nuisance. 
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Figure 3. Nuisance period (months): mean values by region and distribution of individual 
responses. 
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Figure 4. Annual prevention costs (€/year/household): mean by region and distribution of 
individual responses. 
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Figure 5. Main reason for taking individual prevention measures, by region. 


Finally, the web survey attempted to gather information regarding the preferences of individuals for 
the various mosquito control programs, and particularly about the importance of taking further public 
measures for mosquito control, as well as about the main targets of future public control measures 
and programs. Overall, 83% of the survey respondents believed that the current prevention and 
control measures are insufficient or inadequate for dealing with the mosquito problems and therefore 
there is scope for further measures to be taken. Concerning the main targets of these measures (Table 
2), health impacts were considered to be more important than nuisance impacts, confirming the 
findings of previous surveys in Greece [Kolimenakis et al., 2016; Bithas et al., 2018]. Furthermore, 
as in those two studies, transmission of disease from invasive species was considered to be a serious 
threat. On the other hand, nuisance levels and the financial burden on households for mosquito control 
were also rated highly, thus constituting them as important additional decision factors. 
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Finally, an important finding of this survey was that citizens seem to be aware of the environmental 
consequences of mosquito control measures. In particular, 74% of the sample stated their 
disagreement with measures that may potentially affect the physical environment and the ecosystems. 


Table 2. Individuals’ rating of the objectives of mosquito control programs (web survey 


results) 

Reduction of mosquito-borne Reduction of nuisance Low cost to 

disease risks households 

From native From invasive From native From invasive From future 

species! species” species? species* control programs 

Highly important 73.2% 76.7% 47.1% 39.5% 26.8% 
Important 19.1% 15.9% 32.3% 25.3% 17.8% 
Neutral 5.4% 5.6% 15.7% 20.2% 26.5% 
Less important 1.6% 1.2% 4.0% 10.3% 17.4% 
Non important 0.7% 0.6% 0.9% 4.7% 11.6% 


' for example: malaria, West Nile Virus 

? for example: chikungunya, dengue, Zika Virus 
3 Nighttime nuisance 

“Daytime nuisance 


4. DISCUSSION AND CONCLUSIONS 


The present paper aims to provide an overview of citizens’ perceptions and attitudes towards the 
problem of invasive mosquitoes, as well as towards the future targets of mosquito control programs. 
In this framework a web based survey was designed and implemented at the national level in Greece. 
The results show that nuisance from mosquitoes: (a) is significant all over the country, although 
showing some regional differences, thus indicating areas of higher priority for future policy actions; 
(b) is similar for both invasive and native species; and (c) is the main reason for taking individual 
prevention measures. The cost of individual prevention measures was estimated to be quite high 
(about 100€/household/year), which could be the result of the selection bias (i.e. the volunteer effect) 
due to the survey mode (web). However, regional variation in this cost may be an indirect indicator 
of the magnitude of the mosquito problem, which is strongly associated with the nuisance conditions 
in each area. Furthermore, this revealed behavior concerning prevention can be used as a proxy of 
individuals’ potential benefits from future improved control programs in each region. 


One of the most important findings of the present study is that citizens perceive the protection from 
mosquito-borne diseases as an important public good which should be funded by public expenses. 
The results of our study indicate that, on the one hand, citizens are more willing to incur personal 
expenses against daily nuisance from mosquito species and, on the other hand, they are willing to pay 
for an improved control program against disease threats when implemented by public authorities. 
Therefore, to a certain extent, citizens seem to transfer the responsibility of health related protective 
measures onto experts and public health practitioners. This might imply that they feel rather insecure 
with regard to the efficiency of their personal measures against the various mosquito-associated 
diseases. However, similar a case in the Mediterranean [Carrieri et al., 2011] indicates that citizens' 
participation is also highly important especially in the monitoring and control of invasive mosquito 
species. Regarding the Greek case, a certain lack of information from public authorities may increase 
both the insecurity and lack of awareness of citizens concerning the particular problem. However, 
there are recent ongoing initiatives funded by the EU (LIFE CONOPS) which enhance public 
information and lead to collaboration between the scientific community, public authorities and 
citizens. It should be noted that citizens’ participation in many cases is stimulated by the appearance 
of disease outbreaks as in the case of the 2007 Chikungunya outbreak in the Italia Region of Emilia 
Romagna. In any case the level of citizens’ participation in public policy decisions might also be 
associated with socio-cultural traits and might differ if examined in diverse contexts and countries. 
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Another important outcome of the present study is the examination of citizens' perception of the 
ecosystemic threats associated with mosquito control, an issue not well examined so far in the recent 
bibliography. While citizens appear to be sensitive to the environmental consequences associated 
with the mosquito abatement methods, they also seem to have difficulty in identifying the 
environmental consequences of mosquito control methods. This raises the complexity of the issue at 
hand when trying to discern the possible level of citizens' participation in public decision making for 
similar problems. The fact that climate change trends may worsen the mosquito problem and increase 
the risks of transmitting new diseases (e.g. Zika virus), making the prevention and control methods 
even more sophisticated, increases even more the complexity of citizens' participation and the 
associated dilemmas (e.g. human health versus environmental consequences). The interrelation of a 
wide set of parameters and multiple public decisions associated with the problem of invasive 
mosquitoes renders necessary the examination of the ecosystemic dimension of the particular issue 
from a rather holistic point of view. 
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Abstract 

Nowadays, over half the world‘s population lives in urban areas, whereas in Europe, by 2020, it is 
estimated by the EEA, that almost 80% of EU citizens will be living in cities. This unprecedented 
urban growth has brought enormous challenges concerning clean water, pollution, greenhouse gas 
emissions, ecosystem degradation, waste management, security from extreme natural events, health 
issues and many others. 


This paper introduces the concept of urban sustainability and explores the characteristics of the 
Sustainable Development Goal (SDG) 11, concerning sustainable cities and communities. Measuring 
sustainability is a complex issue and in the case of a city, is mainly depending on local conditions, as 
each city operates within a specific ecosystem and a socio-cultural context. Urban sustainability of 
the city of Trikala, in Greece is tested by analyzing major domains such as water resources, energy 
sector, transportation systems, waste management, urban green spaces and air quality, whereas, given 
that cities are hubs for social and human development as well, the cultural heritage is also taken into 
account. The DPSIR model is used as an analytical framework, through the use of indicators, for the 
assessment of the current situation. In parallel, a survey to more than 300 citizens of the city of Trikala 
was conducted in order to identify priorities and values, as well as what is considered most important 
when it comes to decision making, in order to make life in the city more sustainable. Finally, a number 
of conclusions and suggestions derived, on the changes that could be made and the actions that should 
be taken, in order for Trikala to strive for sustainable development. 


Keywords: SDGs, sustainable cities, sustainable development, environmental protection, Trikala 
1. INTRODUCTION 


The SDGs, also known as Global Goals, build on the success of the Millennium Development Goals 
(MDGs) (UN, 2018) and aim to go further to end all forms of poverty, while being unique in that they 
call for action by all countries, poor, rich and middle-income to promote prosperity while protecting 
the planet. They recognize that ending poverty must go hand-in-hand with strategies that build 
economic growth and addresses a range of social needs including education, health, social protection, 
and job opportunities, while tackling climate change and environmental protection. While they are 
not legally binding, governments are expected to take ownership and establish national frameworks 
for the achievement of the 17 Goals. Countries have the primary responsibility for follow-up and 
review of the progress made in implementing the Goals, which will require quality, accessible and 
timely data collection Cities are hubs for ideas, commerce, culture, science, productivity, social 
development and much more (UN, 2018). 


Measuring sustainability is a complex issue and in the case of a city, is mainly depending on local 
conditions, as each city operates within a specific ecosystem and a socio-cultural context. A 
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sustainable city is considered to be a place where achievements in social, economic and 
environmental development are robust, provide security and ensures the well -being of its citizens. 
The question of how to promote sustainable cities and indeed sustainable urbanization though, cannot 
be isolated from the global economy and the way it affects the relationships between people, 
environment and development (OECD, 2003). 


This paper, explores the characteristics of the Sustainable Development Goal (SDG) 11, concerning 
sustainable cities and communities, by applying the DPSIR framework, using indicators of 
sustainable development, in the small city of Trikala in order to identify potential changes which 
should be encouraged towards urban sustainability to promote sustainable development and 
environmental protection. Remarkable findings from a citizens’ survey coupled with data analysis 
from relevant agencies lead to interesting conclusions. 


2. THE AREA UNDER STUDY 


Trikala is a city in northwestern Thessaly (Figure 
1), Greece. Based on Hellenic Statistical 
Authority (2011) census data, the Municipality of 
Trikkai counts 608,485 km? of land and 81,355 
permanent residents, with a population density of 
133.7 inhabitants per km. The Trikala Municipal 
Area, which is also the urban center of the city of 
Trikala, has an area of 70,100 km? and 62,154 
inhabitants, with a population density of 886.6 
inhabitants per km?, making it the most densely 
populated area of the Municipality (Strategic 
Planning of Municipality of Trikala, 2014-2019). Figure 1: The city of Trikala, Greece 


3. METHODOLOGY AND DATA 


The DPSIR framework is a systems-thinking framework that assumes cause-effect relationships 
between interacting components of social, economic, and environmental systems. According to this 
framework, social and economic developments or (D)rivers, exert pressure (P) on the environment 
and, as a consequence, the state (S) of the environment changes, as ie. in the provision of adequate 
conditions for basic needs such as health, resource availability, and/or biodiversity. In turn, (I)mpacts 
are the ways in which changes in state influence human well-being. Whereas (R)esponses generally 
refer to efforts to address changes in state, as prioritized by impacts and provide action to correct or 
improve the situation (EEA, 2009, Kristensen 2004). 


Sustainable development indicators should reflect all elements of the causal chain that link human 
activities to their environmental impacts and the responses of the society to these impacts (CIDA, 
2012). The DPSIR framework is useful in describing the relationships between the origins and 
consequences of environmental problems; however, in order to understand their dynamics, it is also 
useful to focus on the links between DPSIR elements (WWF, 2015). 


The application of DPSIR in this case, for the assessment of sustainability issues in Trikala city, is 
coupled with the aggregated impacts of local responses on drivers, pressures and states being 
evaluated by the answers of the surveys’ respondents. In this study, indicators of all categories were 
selectively used, as shown below (Table 1). 
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Table 1: Major domains and selected indicators for the area under study 


SDGs 11: Sustainable cities and communities 


Water Balance 
Consumption - Pricing 
Water Water Reserves 
Future Problems 
Natural Hazards 
Area of urban / peri-urban parks 
Urban Green Average distance from city center 
Flora & fauna 
Maintenance costs 
Solid WasteManagement: 
Solid Waste Recycling 


Trikala 1 astewater Quality 
Electricity Use (per capita 
Energy Use of Renewable Energy Sources 
City Current Consumption 
Innovations & participation in European programs 
Road Safety 
Cycle Paths Length 
Transportation Pedestrian walkways 
Air Quality 
Public Transportation Fleet 
Cultural Points per 10.000 citizens 
Culture Maintenance costs 


es : Citizen Participation 


Data to support the indicators were collected from relevant agencies, such as the Technical Service, 
the Department of Greening and Gardening, the Department of Urban Applications, the company 
Urban KTEL SA, as well as the Municipal Water Supply and Sewerage Company and the Traffic 
Department of Trikala. Furthermore, data from the city's strategic planning report (2014 — 2019) were 
also taken into consideration, as well as other related studies on the matter. 


3.1 Water resources & sanitation 

In order to determine the current conditions of the city, a number of indicators were used, concerning 
the water resources and sanitation of the city with respect to climate change, imprudent water use, the 
possibility of water scarcity in the future and possible flood risks. Water resources, according to the 
DPSIR model, are part of the pressures and state, its poor management constitutes an impact and its 
proper management is part of the responses. 


The area of the Municipality of Trikkai belongs to the catchment area of Pinios (Figure 2). 


The water quality characteristics of the rivers 
are good, plus there is aquatic and riparian 
vegetation developments on their banks. The 
water table in most flat areas is generally quite 
high, during the winter it reaches approx. 3 
meters. Within the urban fabric of the city, 
there are no floods that can pose a risk of 
damage or disasters/human lives, however 
during the summer months, short-range 
rainwater projects are being carried out mainly 
in drains, to protect. The water supply of the 
Municipality comes from groundwater 


Figure 2: Thessaly: Pinios river basin 
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is pumped through 56 boreholes. After the chlorination process, the water is led to the water supply 
network. Based on official data, the total water supply network covering the needs of the Municipality 
is about 767km. 


Frequent checks are conducted to monitor network conditions and consumption, especially during 
periods of water scarcity. According to data analyzed, there is a significant decrease on water 
consumption of the city of Trikala, in the past ten years due to public awareness on rational water 
use, and the effectiveness of existing pricing policy (1m? = 0,49 euros). The quality of the drinking 
water of the city of Trikala is controlled by the Municipal Water Quality Laboratory where daily 
chemical and microbiological analyzes are carried out according to the European Specifications. The 
drainage structures of the city of Trikala include a pipeline network of approximately 200km before 
reaching the waste water treatment plant. 


3.2 Energy sector 

The energy sector is part of both pressures and state, according to the DPSIR model, while its 
efficiency is part of the responses. The relationship between the driving forces and the pressure from 
economic activities is a function of the eco-efficiency of the technology, with less pressure coming 
from more driving forces, if eco-efficiency is improving. Monitoring energy use, electricity 
consumption and use of renewable energy sources, are of major importance when it comes to 
sustainability and striving to achieve a “green” status in city. By participating in innovative research 
programs, in an effort to reduce power consumption, the municipality has completed a study to 
upgrade the lighting system of municipal streets, by replacing it with new LED technology, whereas, 
a Smart Lighting System is implemented in order to monitor and manage it. It is estimated that more 
than 60% of energy will be saved. In order to reduce CO2 emissions, the municipality has decided to 
proceed to an energy upgrading of municipal buildings by linking them to the natural gas network. 
The final link list includes a total of 64 buildings, with a total heat output of 16,823,700 (kcal/h). 
According to data from the Municipal Council, approximately 250 connections for photovoltaic roofs 
of up to 10Kw and about 30 photovoltaic connections by farmers up to 100KW have been activated. 
Apart from photovoltaic installations, no other power plants such as urban turbines and wind turbines 
are used in the area, and there is no record of the use of either open or closed circuit geothermal 
systems. 


3.3 Transportation systems 

A sustainable city is also defined by green, accessible and safe transportation, road safety, extensive 
pedestrian areas and cycle tracks that insure air quality and easy mobility for its citizens. Such 
indicators will provide a plethora of information that could also determine essential planning changes 
and proper management to the local administration. The transportation system is a part of drivers, 
pressure and state, according to DPSIR model, while its efficiency and management is part of the 
responses. 


The main road network of the city of Trikala is radial. For the most part, the road network is a one- 
way street. The main existing roads (those that receive the largest volume of traffic) are two-way. 
The pedestrian roads are concentrated mainly in the center of the city, however they are not organized 
and continuous, while the area in use is not officially recorded by the municipality. Due to its 
geography, the city provides the possibility of easy bicycle travel. The total length of the city's bicycle 
paths is estimated to be 14.5 km long, relatively continuous in the city center. With regard to air 
quality, the Municipality of Trikala, in collaboration with Space Hellas and Cisco, will set up an 
environmental monitoring system. Using special environmental measurement devices for the 
collection of particulate and noise emissions, it will assess the quality of the atmosphere in order to 
review the impact on public health. The private company "Urban KTEL Trikalon SA" carries out 
daily local trips to the city of Trikala and to the local communities of the Municipality, with a fleet 
of 17 petrol running buses. 
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3.4 Waste management 

The volume and type of waste is directly related to the living standards of a city, and their method of 
managing, depositing and processing controls the correctness and efficiency of practices based on the 
envisaged regulations at national and European level, while reflecting attitudes of citizens towards in 
the current situation. When it comes to waste management, sustainability can be achieved through 
proper hazardous waste management, recycling, urban waste water quality control and drafting a 
management plan for solid waste. 


It is estimated that the per capita production of municipal solid waste in the municipality of Trikala 
amounts to 336.77 kg per capita/year. The collection, transport and disposal of waste is the 
responsibility of the Department of Waste Management of the Operational Project Directorate, which 
uses 21 fitting waste trucks. When it comes to recycling, according to data provided, from 2010 up 
to today, there is generally a significant reduction in waste. Between 2010-2011 there was a decrease 
of 5,43%, a decrease of 8,32% in 2011-2012, a decrease of 2,98% in 2012-2013 and finally, between 
2013-2014 an increase of +2,15%. These percentages relate to municipal waste and entering the 
Recycling Sorting Centers. 


3.5 Urban green spaces 

Proper management of green areas within a city is not only about large areas, but also about tree- 
stands, small parks and free spaces. It can effectively change the way of life of the inhabitants 
providing a range of health benefits by improving the quality of life of those who live in densely built 
areas and influencing positively the quality of the air. Environmental benefits include reducing the 
temperature during the summer, absorbing the flowing water after severe weather events, increase 
percolation of surface water into the ground and improving the aesthetics of the landscape, as well as 
supporting the biodiversity and carbon capture. Economic benefits include regeneration and attracting 
new services. Measuring, managing and protecting the urban green spaces, is part of DPSIR 
pressures, state, impact and response. 


The city is considered to be one of the most "green" in the country. This fact mainly is due to the 
existence of the river of Lethaios that crosses Trikala from side to side. The total area of the cultivated 
green area of the Trikala Municipal Unity is approx.530 acres. This area includes neighborhood tree 
trunks, small squares and large green areas near the riverbanks, as well as the recorded urban parks. 
From time to time, the municipality has proceeded to plantings to the whole extent of the city. 
According to the World Health Organization and SDGs 11.7, which promotes safe and universal 
access to public and green spaces for all, urban centers must provide 9 m? to each resident within 15 
minutes of their residence (Pafi et. al, 2016). Based on the data above and the population of the city 
of Trikala, it is estimated that approximately 8.10 m? corresponds to each inhabitant of the city. For 
the management of the green areas in the city, the municipality has a staff of 40 people. 


3.6 Cultural heritage 

The cultural heritage of a city provides its foundation, identity and character, while often constitute a 
pole of attraction for visitors, thus driving the local economy. The concept of sustainability does not 
limit itself strictly to the environment, ecology, energy or water, but it is a wider concept, which 
incorporates civilization and culture. For this reason, an urban sustainability research could not 
exclude the investigation of indicators that review the citizens’ perception and reaction to culture as 
part of their reality and life. Cultural identity and heritage is part of DPSIR drivers and pressures and 
lack of management is part of impacts. 


There are many different places of significant historical importance throughout the city. From the 
first “hospital” of the Hellenistic period and the Ottoman built Castle that was erected over the ancient 
citadel, to the Ottoman Mosque and the historical - Matsopoulos Industrial Park that housed the first 
roller mill ever built in Greece, to the newly founded Research Center — Tsitsanis Museum that resides 
in the formerly used prisons in honor of the city’s music artists. All venues are managed by either the 
Municipality or the Ephorate of Antiquities of Trikala and are used by the local community as venues 
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for cultural events, conferences, exhibitions, concerts and school trips. The execution of the projects 
are carried out following a tendering procedure (by auction) and are funded by the European Regional 
Development Fund. 


4. THE SURVEY 


About 307 questionnaires were collected altogether from the city’s citizens, representing a 5 per 
thousand of the city's population. Sampling was performed by the random sampling method, where 
there is a known probability that each unit is selected as the unit of the sample. 


Through 26 questions, concerning urban green, water, energy, transport, recycling and cultural issues 
of the city were formulated. The objective was to evaluate the citizens’ view and ability to identify 
priorities and values, as well as what is considered most important when it comes to decision making, 
in order to make life in the city more sustainable. 


For the output of the results, the process of encoding the questionnaire elements is followed in a table, 
which assigns each question to the questionnaire in a variable. Variables receive different values. 
This creates a data file where variables and attributes are defined and which results in a series of 
commands. Processing took place on two levels. Initially, a descriptive statistical analysis was 
presented, showing the frequency distributions of the variables as well as the central phase indicators, 
followed by inductive statistical analysis to check empirically the existence or not of statistically 
significant variations in the fluctuation of the averages of the research variables and to check the 
research questions that have been formulated. Because the 62 research variables are categorical, either 
as dependent or as independent, the appropriate statistical criterion for the above test is the x? Test. 
At the same time, the Monte Carlo simulation was used because the sample (307) is greater than 250 
to overcome the limitation of the x? Test application. SPSS was used for the analysis of the findings. 


The “identity” of the survey comprises of 42.7% men and 57.3% women. The 28.3% were citizens 
between 18-25 years olds followed by a 44% belonging to the 26 - 40 age group, 25% are between 
41 — 65 years old and 2.6% are over 65. In terms of education, 52.8% are university graduates, 17% 
hold postgraduate degrees (MSc / MA/PhD), 25% are high school graduates, and the rest 5,2% were 
priests, military men etc. Responses were taken from all neighborhood areas within the city to allow 
for an objective representation of the sample. 


Transportation systems 


Is transportation infrastructure Should cars be allowed in the city 
adequate to support a ban cars in the centre? 
city center? (Positive Responces) 
12.4 0.7 
` 3.7 S 16.7 
87.6 24.9 
m Yes m No m18to25 m26 to 40 41to65 m65 plus 

Figure 3: Figure 4: 

Infrastructure adequacy Prohibit the moving of cars in the city center 


According to the results of the survey, 88% (Figure 3) of the respondents claim that current 
infrastructure is inadequate to support a ban on cars in the city center, whereas, most young people 
(Figure 4), would prefer for the city center to be accessible only by foot. More than half of the 
respondents (62%) choose to move with a car or motorcycle to and from their workplace, while the 
option of more environmentally friendly transportation means, such as bicycle, public transportation 
and walking, are of low preference, despite the fact most distances are not long. Furthermore, the 
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survey showed that the citizens of Trikala do not feel safe either by walking (36%) or by using the 
bicycle (68%), although data on deaths and accidents, provided by the Hellenic Department of Traffic 
Police, are reported to be lower in the last 5 — 8 years. 


Waste management /Recycling 

More than 50% of the respondents tend to recycle mostly paper (28%) and plastic (30.3%) given that 
those are most commonly used, whereas those who do so, do it frequently (Figure 5). Furthermore, 
the survey showed that citizens seem fairly satisfied (74,3%) by the recycling methods provided 
(Figure 6). 


Recycling frequency Citizen Satisfaction of Recycling 
TEVLKÓG Methods 
,_ TEVLKOG te TÚTO 
Tevixdc TÚTTOÇ __ TEVtKÓG TÚNOG levog i 5.2 20.5 
Tevikog tumoc TUTLOG >. 
Tevikoc TÚTLOÇ TUTOC i i 
Tevikoc TÚTLOÇ = E 
= 74.3 
& Q Si ge Š 
N D ae) N m Poor m Fair = Good 
Figure 5: Figure 6: 
Recycling frequency of all materials Satisfaction of recycling methods used 


Water issues 

The city's water quality is checked daily by appropriate tests on the basis of European criteria and its 
quality is found excellent, so, as expected, 85% of citizens use tap water provided by the Water Supply 
Network. However, a high 15% prefer to drink bottled water on a permanent basis. The relationship 
between trust of tap water and bottle water showed a statistically significant difference. 


The majority of the respondents are aware of the global water scarcity problem and almost 60% are 
willing to change their water habits even though at the moment the city does not face intensive water 
issues. They do keep using water, for purposes other than the usual household standard use (60%) 
though, such as car washing and gardening (Figure 7). 


Water consumtion for secondary uses 


Tevikoc TÚTLOÇ 


Tevikoc TÚTTOG 


TEVLKÓG TÚTO 


m Notatall = Moderately Extremely 


Figure 7: 
Non-household water consumption frequency 


Cultural heritage 

Almost 71% or the respondents are willing to financially contribute to promote and preserve their 
cultural heritage. WTP shown in figure 8 reveals that 4 out of 10 can give up to 20 euros per year, 
which indicates the important role the culture plays in their quest of a sustainable city. 
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Urban green spaces 
Despite living in a smaller city, with it being closer to nature, citizens, seemed to value and make use 


of organized green sites such as urban parks for both walks and sports, as well as other activities, 
most of them regularly (45% do so once a week) as seen in figure 9 whereas most of them are women 


= Rarely 


WTP (€) per year to promote and preserve cultural heritage 


11.5 


23 


26.8 — E 


18 


14.8 


m None = Other m 3 EUR m 5 EUR m 10 EUR m 20 EUR 


Figure 8: Willingness to contribute financially in order to support the local cultural identity 


How often you use the urban parks ? 


m Onceayear m Once every six months m Onceamonth m Once a week 


Figure 9: Use frequency of urban parks in Trikala 


The survey showed that most people (90%) do not use Renewable Energy Sources for electricity 
purposes in their homes (Figure 10), however half of them are willing to use conservation methods 
to reduce energy consumption and they welcome the municipality’s efforts in promoting such 
innovative methods. 


Use of RES in houses of Trikala 


9.4 


Figure 10: Current use of RES in the cities’ housing 
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5. CONCLUSION-DISCUSSION 


According to the combined results through the analysis of data and the respondents’ answers, Trikala 
city has the potential to become a sustainable city, but there is still much to be done. 


The structure of the agencies and services of the public sector are inadequately organized, which 
made data collection particularly difficult. The fragmentation of competences into different agencies 
and the lack of synergies between competent bodies, which is essential for achieving sustainable 
management in the context of sustainability, reveal the extent of the problem. 


In transportation, lack of security and respect towards cyclists, prevent aspiring cyclists to move 
around, despite the limited, but existing, bicycle path network. 


The lack of organized pedestrian areas does not affect those who choose to move on foot, however, 
there is a strong sense of insecurity, due to the increased use of cars in the city center. 


As far as water resources and sanitation is concerned, water quality and water resources management 
are satisfactory, although there is quite a significant percentage of respondents who use bottled water 
on a permanent basis. People seems to be aware of the global water problem and claim to be ready 
to accept water conservation measures and change the way they think and act, even though there is a 
large percentage of those who keep using water in an unscrupulous way. 


When it comes to recycling there seems to be a good management plan at hand by the authorities, 
which is confirmed by the citizens satisfaction of the means used. On their part, numbers showed that 
citizens have embraced the idea and practice of recycling avidly. 


Innovation and technological advances, capable to improve life as a whole are improving the current 
situation and lead the way to implement sophisticated technology to facilitate changes when it comes 
to the energy sector and the decrease of the ecological footprint. 


Changes that could possibly improve the well-being of the city’s inhabitants and could be 
implemented are: 


Importance should be given to official data recordings that can lead to the creation of data platforms 
accessible to operators and citizens both, by making use of their network and capabilities. 


Link bicycle routes to urban and suburban parks inside and outside the city for safe and easy access 
for all. 


Redesigning and shaping the flowerbeds and small squares with emphasis put on using suitable 
species that can limit the phenomenon of the urban heat island, will act as windbreakers during the 
winter, improve the air quality and ameliorate the overall aesthetics. 


Promoting green and sustainable practices in their home, might interest citizens in taking part in 
national and union financial programs that will improve their lifestyle, when it comes to energy. 


Developing alternative forms of tourism, such as ecotourism, agrotourism or religious tourism that 
could probably attract global interest, making the city an attractive destination for everyone. 


Setting up an information platform online for the many places of historical and cultural importance, 
such as sights, museums, churches etc. of the area, using the power of the internet to attract visitors. 


These changes are targeted to better the municipality’s resource management, in order to provide 
social benefits (better organized green spaces, recycling etc.), improve the quality of life of the 
citizens (clean air, organized transportation and sense of security), decrease the environmental impact 
(waste management, energy efficiency), boost the local economy by promoting the comparative 
advantages of the city and strengthen their cultural identity and heritage. The major responsibility in 
implementing those changes lays on the municipality, according to the citizens input — as presented 
in the survey conducted — however it is of upmost importance to support groundbreaking initiatives 
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and provide means in communicating and disseminating the benefits to the local community in order 
to strive for essential sustainability. 
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Abstract 

Aim of this work is to investigate institutional stakeholders’ priorities, regarding transdisciplinary 
coastal and marine management in Thermaikos Gulf. The targeted coastal and marine area is shared 
by four Greek regional units, hosting a variety of human activities such as intense urban development, 
agriculture and husbandry, industry, mussel-culture, fisheries, tourism, etc. There are more than 90 
entities which have some kind of jurisdiction or stake in the management of the coastal and marine 
area of the Gulf, the majority being sectoral public administration agencies. To cover their range of 
opinions, we developed and distributed a questionnaire focused in identifying the most important 
management issues in the area, as well as the main reasons behind the possible management failures 
until know. To test the questionnaire, we contacted a series of interviews with selected representatives 
of key management authorities, assisting also to acquire a deeper understanding of the current 
management regime in the area. Through the results we will: a) attempt a preliminary evaluation of 
stakeholders’ willingness to participate in Science-Policy-Society collaboration processes; b) identify 
the management issue(s) with the highest importance for the local stakeholders and c) investigate 
deeper the relationship between key local socio-ecological problems and the current institutional and 
legal status regarding coastal and marine management. 


Keywords: stakeholders’ engagement, integrated coastal and marine management, transdisciplinary 
approaches, Thermaikos Gulf 


1. INTRODUCTION 


Coastal and marine environments are paramount to the socio-economic performance and well-being 
of societies. Under the current global social-ecological conditions and especially in countries as 
Greece, phasing extreme financial challenges, coastal and marine resources become even more 
important for prosperity and more prompt to overexploitation and mismanagement. To remediate or 
even try to prevent poor coastal and marine management decisions, knowledge-based, participative 
and transdisciplinary management is necessary [Tett et al., 2011]. This type of management requires 
an organised Science-Policy-Society integration and the use of novel scientific tools [Cornell et al., 
2013]. One of the greatest challenges in such an approach is to design a process, which will include 
a wide range of stakeholders, at different times and with different levels of involvement. In this 
process, stakeholders’ priorities and concerns should be placed in the centre of any management 
attempt and their collective knowledge should be utilised alongside scientific findings. Involving 
stakeholders in coastal and marine management assists greatly with the effective implementation of 
relevant plans [Buanes et al., 2005], hand-by-hand with the development of a sound legislative basis, 
which is another essential prerequisite for efficient management [McKenna et al., 2008]. In order to 
determine stakeholders’ priorities related to Integrated Coastal Management (ICM) and Marine 
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Spatial Planning (MSP), especially in areas where participative processes are not yet well accustomed 
practices, interviewing and questioning key institutional stakeholders is a commonly adopted 
technique [Villares et al., 2006; Fletcher et al., 2007]. Such approaches will be the base to support 
further and more complex participative processes of Science-Policy-Society integration, as is the co- 
development of integrated tools to support management [Voinov et al., 2016]. 


Thermaikos Gulf is a large coastal and marine area in Northern Greece, shared by four Regional Units 
(Thessaloniki, Imathia, Pieria and Chalkidiki) and hosting a variety of intense human activities, such 
as urban development, agriculture and husbandry, industry, mussel-culture, fisheries, tourism, etc. 
The coastal area also hosts the second largest city of Greece (Thessaloniki), as well as a Ramsar 
wetland of international importance (Axios Delta). 


2. METHODOLOGY 


To investigate the stakeholders’ priorities, regarding transdisciplinary coastal and marine 
management in Thermaikos Gulf, a questionnaire was developed, comprising of four parts, targeted 
in collecting information relevant to the subject. It was accompanied by an introductory part which 
explained the overall research goals, i.e. (a) the identification of the most important management 
issues for the area, (b) the development of management procedures and tools that will support 
efficient resource management, as well as (c) the development of robust social-ecological policies. 
The first part of the questionnaire was devoted to general information, information on the entity that 
each respondent represents as well as on their specific jurisdiction or stakes in the coastal and marine 
area of the gulf. The second part attempted to investigate the knowledge of respondents regarding the 
European and Greek legislation on ICM and MSP, as well as their opinion on the coherence and 
effectiveness of this legislation and the manner in which the existing environmental legislation affects 
their work and responsibilities. 


The third part of the questionnaire aimed in determining the stakeholders’ priorities regarding the 
coastal and marine management of the area of Thermaikos gulf. Eleven key and known management 
issues were preselected so that the respondents could evaluate their importance for the area in a 5- 
point Likert-type scale ranging from 1, not important, to 5, very important (respondents could also 
declare that they have no knowledge regarding the importance of the issue). The following issues 
were explored: a) Management of point and non-point land inputs/Pollution; b) Fisheries 
management, including fleets, fish stocks, etc.; c) Management of coastal/marine tourism activities; 
d) Management of port and other navigation activities; e) Management of urban and peri-urban 
development at the coastal zone; f) Management of aquaculture activities; g) Management of the 
protected areas; h) Management of existing or potential conflicts between tourism and other activities 
(o.a.); 1) Management of existing or potential conflicts between fisheries and o.a.; j) Management of 
existing or potential conflicts between port activities and 0.a.; k) Management of existing or potential 
conflicts between aquaculture and o.a. Participant were also informed that the list was not exhaustive, 
so they could determine other management issues as well. The next question aimed to determine the 
stakeholders’ opinions on the nature of the impact of the aforementioned management issues 
(including the ones they may have suggested) to the social-ecological system of Thermaikos gulf. 
The respondents could select one or more impacts (economic, social, environmental, on lawful 
operation) but they could also declare that they have no knowledge on the issue or that they do not 
consider it of sufficient importance. 


By the same rationale, the following question aimed to determine their opinion about the causal factors 
of these issues. The respondents could select between the following options: a) lack of 
knowledge/technology/infrastructure; b) lack of adequate legal framework; c) inability to implement the 
existing legal framework (caused by institutional deficiencies, lack of resources, etc.); d) lack of political 
will; and e) overexploitation of available resources/illegal activity. They could once again declare 
lack of personal knowledge or insufficient importance of the issue. For both questions the respondents 
were given space and opportunity to declare additional impacts and causal factors, should they 
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consider something was missing. Finally, the last set of questions aimed to determine the top 
stakeholders’ priority for the area, thus asked for the selection of the issue that was considered as the 
most crucial and urgent for Thermaikos gulf. Since the area is large and with spatial variability, the 
respondents were asked to determine in which areas did they believe that their selected issue was 
more prominent (see also Figure 6), as well as to determine more specific environmental, social and 
economic impacts of this issue. 


The final part of the questionnaire asked for personal information, on a volunteer basis, and 
investigated the respondents interest to participate to potential future efforts of collaboration between 
the research team and the area’s stakeholders. 


The stakeholders’ pool targeted for this study was selected aiming to capture the opinions of 
representatives working in public, semi-public or private entities with varying levels of jurisdiction, 
responsibilities or stakes in the coastal and marine area of Thermaikos gulf [Konstantinou et al., 
2017]. The selection included representatives of various ministry directorates with direct jurisdiction 
on the selected area; departments of the two branches of regional government (elected and de- 
centralised) with either environmental responsibilities or responsibilities in the fields of fisheries, 
aquaculture, tourism, etc; coastal municipalities; organisations (e.g. Thessaloniki’s Water and Waste 
Company and Thessaloniki’s Port Authority); environmental NGO’s; as well as major research and 
education institutes which have conducted studies in Thermaikos gulf. 


In order to initially test the way that the questionnaire was perceived by respondents and then to adjust 
any parts which may not be clear, 9 interviews (10 planned, 9 executed) with selected respondents 
were conducted. The interviewees were selected in a way to represent: the regional level of 
governance (covering all the Regional Units), the national level of governance (Ministry of the 
Environment), the NGOs and the research institutes. The interviews allowed for deeper understanding 
of the governance regime in the area, as well as for the identification of further representatives of 
authorities with relevant responsibilities in Thermaikos gulf. As a result of these interviews, the 
language used in the questionnaire was slightly modified, to facilitate clarity. The questionnaires were 
distributed to the identified authorities through e-mail. During two and a half months, the 
questionnaire was repeatedly sent to the selected respondents, at least once a week (maximum 3 times 
a week), while when possible phone calls were also made. 


3. RESULTS 


3.1 General information 

A total of 97 authorities, organisations and key stakeholders were contacted repeatedly, during a 
period of 75 days. Among them, 66 were governance and management authorities, on local, regional 
or national level of jurisdiction, 4 were research and education bodies, 14 were environmental NGOs 
and 13 were private or semi-private organisations, such as professional associations, semi-private 
management authorities, etc. 20 responses were collected in total, 9 of them through face-to-face 
interviews and 11 through e-questionnaires. 17 of these responses corresponded to personnel of public 
authorities (25.75% response rate), 1 response was collected from professionals in research and 
education (25% response rate), 1 from an NGO representative (7.1% response rate) and 1 from a 
representative of a private association (7.7% response rate). The 9 initial interviews were contacted 
during the first 10 days of the study, while the rest of the responses where provided during the 
remaining period of time, after multiple contacts. It should be noted that all the responders were 
higher education graduates, with the majority of them holding an MSc qualification (55%), while 
30% of them also hold a PhD, mainly in environmental related fields. Regarding the spatial 
distribution of responders, based on the area where they are active, 35% of them are active at the 
Regional level (Region of Central Macedonia), 30% are active in the Regional Unit (R.U.) of 
Thessaloniki, 15% in the R.U. of Pieria, 10% in the R.U. of Imathia, while only one person is active 
specifically in the R.U. of Chalkidiki. Finally, 10% of the interviewees are active at the national level. 
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More than half of the responders identified themselves as personnel of public authorities with 
management jurisdiction in the area of interest, in and around Thermaikos gulf, while 20% were 
identified as personnel of authorities with other jurisdiction in the area. A single respondent identified 
himself as working in research (although at the moment is also leading an organisation with very 
crucial management responsibilities for the area) and a single respondent identified himself as 
working in the tourism sector (although working for a regional level public authority). Finally, out of 
the four responders which identified themselves as working in another sector, one was identified as 
NGO personnel, one as private organisation personnel while two of them were identified as working 
for authorities of the regional government. 


3.2 EU and Greek legal framework regarding ICM and MSP 

The evaluation of the legal framework knowledge, understanding and use, took place through 
different clusters of questions. The participants were asked to determine their level of knowledge 
regarding the EU and Greek legislation related, directly or indirectly, to ICM or MSP. The majority 
of the respondents claimed no, little or medium level knowledge of the respective legal framework 
(80% regarding the EU legislation and 75% regarding the Greek legislation; Figure 1). Only one 
respondent declared to have excellent knowledge of the EU legal framework, while two respondents 
declared to have excellent knowledge of the Greek legal framework regarding the relevant topics. 


Greek 


# No knowledge 

# Little knowledge 

# Medium level knowledge 
= Good knowledge 


# Excellent knowledge 


Figure 2: Self-evaluation of the knowledge of the legal framework regarding ICM and MSP. 


Regarding the efficiency of the EU and Greek legal framework to create and regulate the conditions 
for ICM and MSP, 40% of the respondents declared that the European legislation presents medium 
efficiency, 25% declared no knowledge to support an evaluation, while the rest of the respondents 
were divided between “full efficiency” and “no efficiency”, with the latter being supported by fewer 
respondents (Figure 2). Regarding the Greek legal framework on ICM and MSP, 35% of the 
respondents declared medium efficiency, 25% little efficiency and the rest were divided equally 
between “no efficiency” and “sufficient efficiency”. No respondent declared either “no knowledge” 
or full efficiency” of the legal framework. 


When asked to evaluate the level of support that the Greek environmental legal framework provides 
to their everyday activity (related to the coastal and marine management of Thermaikos gulf), 40% 
of the respondents declared that the existing framework provides medium support on their activity, 
10% declared that their activity is fully supported by the existing legal framework, while the rest were 
equally divided between “little support” and “good support”. It should be mentioned that no 
respondent declared that the existing environmental framework does not provide any support for their 
activity 
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Figure 3: Evaluation of the efficiency of the legal framework 


3.3 Evaluation of management issues 

The evaluation of the selected management issues is presented in Figure 3. As shown, all issues are 
perceived as very important. However, the Land input management and the associated pollution of 
the coastal and marine waters, is evaluated by the majority of respondents as very important. Other 
issues that come forward as important/very important are the Protected area’s management and the 
Management of urban and peri-urban development. The Management of aquaculture activities in the 
area is also conceived in a spectrum from medium to very important, with some respondents to 
comment that they are reluctant to characterise it as very important for the gulf due to the localised 
character of the activity. From Figure 3 it is also obvious that the existing or potential conflicts 
between activities are conceived as less important compared to the rest of the management issues. 


As the respondents were able to also determine other management issues of importance, a number of 
suggestions were received. Nevertheless, in their majority these issues were directly linked to the 
defined management issues, if only more thematically or spatially determined. The only proposed 
issue that could be considered completely autonomous, was the Management of Marine Litter, linked 
only indirectly with the management of tourism activities. 


The identification of the nature of impacts (environmental, social, economic, impacts on lawful 
operation) in either local or regional level is presented in Figure 4, which demonstrates that 
stakeholders’ perception varies sufficiently depending on the issue at hand. The issue of Land input 
management, and thus pollution, is perceived by all the respondents as having an impact in the 
environmental state of the gulf, but only half of the respondents believe that this degradation causes 
economic impacts and even less that it causes impacts in the social coherency or in the lawful 
operation of society. Issues such as the Management of urban/peri-urban development and the 
Protected area management, although also perceived as mainly having environmental impacts, are 
almost equally perceived as having economic impacts as well, while in both cases either impacts on 
lawful operation or in social coherency are considered significant from a considerable number of 
respondents. It is mainly in the Management of human activities (fisheries, tourism, navigation, 
aquaculture) that the environmental, social and economic impacts are equally identified as important, 
while the Management of conflicts is perceived as mainly having economic and social impacts and 
not so much environmental ones. 
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Evaluation of importance of management issues 


Conflicts between aquaculture & o.a. 

Conflicts between port activity & o.a. 

Conflicts between fisheries & o.a 

Conflicts between tourism & other activities (0.a.) 
Protected area management 

Aquaculture management 

Management of urban/peri-urban development 
Port activity management 

Tourism management 


Fisheries management 


Management of land inputs/Pollution 
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Figure 4: Evaluation of the importance of the pre-selected coastal and marine management 
issues for the case of Thermaikos gulf. 
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Figure 5: Identification of the nature of impacts of the selected management issues for the 
case of Thermaikos gulf 


The identification of the causal factors of the management issues, as perceived from the stakeholders, 
is very crucial in better understanding the nature of these issues and in identifying management 
actions, procedures and tools to remediate them. The responding stakeholders perceive that, with the 
exception of the Protected area management, the major causal factor for all the management issues is 
the inability to implement the existing legal framework, due to institutional deficiencies, lack of 
resources, etc. Regarding the Protected area management, the lack of adequate legal framework is 
perceived as a more important causal factor, but the inability for implementation is still the second 
more important one. The potential lack of knowledge, technology and infrastructure is perceived as 
significant regarding the Land input management, while it is considered a rather secondary causal 
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factor for most issues. Lack of political will (to identify and implement solutions) is considered as a 
high ranking causal factor for the issues of Land input management, Tourism management, 
Management of urban/peri-urban development and Protected area management, while the 
overexploitation of resources/illegal activity is perceived as an important causal factor for 
Aquaculture management, Management of urban/peri-urban development, Tourism management, 
Fisheries management and Land input management. 


When the respondents were asked to identify the sole most important management issue in 
Thermaikos gulf, 55% choose Land input management, while 25% declared the Management of 
urban/peri-urban activity. The respondents were additionally asked to determine the importance of 
the most important management issue on a spatial level. According to their answers, the areas of the 
Gulf of Thessaloniki and the Axios-Loudias-Aliakmonas estuaries, were determined as the areas of 
highest interest (Figure 6). 
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Figure 6: Identification of causal factors for the selected management issues in the case of 
Thermaikos gulf. 


4. DISCUSSION 


The most important finding of this paper is connected to the willingness of Greek stakeholders to 
participate to Science-Policy-Society collaboration efforts. Only 20% of the intended targets replied 
to the survey. Answering an e-questionnaire is probably the less engaging, less time-consuming and 
less personal way to participate in such efforts. Nevertheless, only a small portion of the invited 
stakeholders choose to participate and this participation was provoked after numerous reminders and, 
in some cases, phone calls. In at least 20 cases, stakeholders where contacted in a personal level, 
based either in previous collaborations or the interference of a common acquaintance, acting as a 
liaison between the researcher and the potential respondent, and still the stakeholders did not engage 
to the survey (besides the fact that many of them declared that they will). 


Additionally, numerous stakeholders which were contacted in the framework of this survey, believed 
firmly that they didn’t have the adequate background or jurisdiction to answer the survey. Authorities 
with environmental responsibilities or responsibilities connected to productive activities (fisheries, 
aquaculture, tourism, etc.) claimed, through email or phone calls, that they don’t perceive their field 
of expertise as relevant to the research, proposing at the same time individuals in other organisations 
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as potential respondents. When informed that the proposed organisations were also contacted, but 
that their input would still be useful, most of them declared unavailability or unwillingness to respond. 
Similar considerations where expressed also from interviewees and respondents; some of them also 
insisted in not declaring themselves as “representatives” of their authority or organisation but only as 
“personnel, providing an educated opinion”. 


mes (3) GAOViK 


Figure 7: Coastal and marine areas of Thermaikos gulf, identified from the responders as the 
most crucial regarding the Land input management in connection to pollution. 


These behaviours are indicators of the infantile level that Science-Policy-Society collaboration efforts 
are in Greece [Koutrakis et al., 2010; Apostolopoulou et al., 2012; Konstantinou et al., 2013]. In 
other words, many stakeholders do not perceive science as a means which can provide tangible, 
efficient solutions for persistent social-ecological problems and thus are reluctant to invest their time 
in this procedure. Even for the case of stakeholders who believe in the capacity of such efforts to 
produce results, considerable doubts have been expressed as to whether such solutions can find their 
way to implementation in policy development and governance, thus again making their engagement 
futile or treat them purely as “scientific exercises” which in the end will benefit science, but neither 
policy or society [Glenn et al., 2012]. At the same time, the structure of the governance, with multiple 
authorities holding fragments of jurisdiction, creates a public regime where responsibility is an 
elusive concept and in which authorities are invested only in the small part of their jurisdiction, 
ignoring thus what happens beyond their circle of influence. As a result, the concept of integrated 
(and transdisciplinary) management of the environment and its resources becomes impossible to 
approach: jurisdiction and authority is divided to everyone and thus to no-one, resulting in ineffective 
national, regional and local administrative structures, weak enforcement, and no policy integration 
[Trumbic, 2008]. 


The obstacles in approaching a more integrated and transdisciplinary approach in coastal and marine 
management are also evident in the limited knowledge of EU and Greek legislation regarding ICM 
and MSP, as also identified in other previous studies [Koutrakis et al., 2010]. The low percentage of 
institutional stakeholders having a good or excellent knowledge of the specific EU legal provisions, 
but also of the much wider way in which European legislation is ratified into different Greek laws 
and legal documents, is indicative of the lack of central integrated management mentality in Greek 
governance. Each sectoral jurisdiction is focused in the part of the legislation, which is absolutely 
necessary to know in order to take specific decisions; outside this spectrum the responsibility is 
transferred to other authorities and no knowledge is required. At the same time, this specific legal 


367 


Cultural and social issues 


framework isn’t perceived even indirectly connected to approaches as ICM or MSP. Nevertheless, 
when asked to evaluate the environmental related legal framework which they work with, the 
respondents were much more confident to provide opinion and to comment on it with specificity. 
They underlined the fragmentation of jurisdiction, gaps and overlaps, as well as the absence of clear 
legal guidelines for specific issues (e.g. protected area management/Natura 2000 sites). On the other 
hand, they also comment that the existing legal framework, even if not perfect, is the only existing 
tool to achieve some level of (social-ecological) management (mainly in terms of managing 
productive activities). 


The stakeholders’ priorities are revealed clearly through the results. Namely, the issue of Land inputs 
management, and thus the pollution caused in the coastal and marine areas of the gulf, is definitely a 
leading priority for the majority of the respondents. The evaluation of different management issues 
as of high importance for the area, reveals their general concerns, as well as an understanding that 
when discussing social-ecological management, especially in coastal and marine areas, a certain level 
of interconnection between different policy issues is to be expected. It is interesting to observe, that 
the respondents seem to view the management of productive activities as issues with various impacts 
for the area (environmental, social, economic, legal). On the contrary, Land inputs management was 
mainly considered as an environmental issue, despite the fact that these inputs are mainly 
anthropogenic, have an impact on a number of other activities (aquaculture, tourism, etc.) and can be 
the product of illegal activity (e.g. unregulated waste disposal and agricultural inputs). 


Finally, another interesting observation on the results of this survey is related to the most prominent 
causal factor of the identified management issues, which is the inability to implement the existing 
legal framework due to a number of institutional deficiencies. Again, it is necessary to underline that 
the majority of respondents are institutional stakeholders, thus they represent the bodies which should 
or could implement the existing legal framework to enable better environmental management. The 
identification of institutional deficiencies as major causal factor of inadequate management, even 
when referring to lack of resources (human and financial) is a strong indicator pointing towards the 
need for re-thinking and re-structuring of the legal framework (including the governing structures 
which implement it). Re-structuring of the legal and institutional brunches of the management process 
could have a positive output to at least two other important causal factors, according to the survey: 
the lack of adequate legal framework and the overexploitation of resources/illegal activities, which 
are, in a way, different expressions of the same problem. 


5. CONCLUSIONS 


The Greek stakeholders’ reluctance to participate on a quite simplified, impersonal and preliminary 
effort for Science-Policy-Society interface is a discouraging, yet expected result. Even in societies 
where such efforts are more accustomed and better integrated in the social structure, engagement can 
be a challenging task [Fletcher et al., 2007]. Nevertheless, this output is also an indicator that 
corrective actions need to be taken in order for such processes to be more meaningful and successful 
in the future. Part of these actions should target the increase of trust in the claim that science can 
provide knowledge-based, efficient and ethical tools to support fair and sustainable policy 
development and governance [Glenn ef al., 2012]. 


Although through a limited, yet varying sample, the stakeholders’ priorities regarding the coastal and 
marine management of Thermaikos gulf are clear and coherent: the most important issue is Land 
input management in association with pollution. This issue is highly complicated and challenging, as 
well as spatially varying in the gulf. Our goal, through the next steps of this research, is to develop 
transdisciplinary processes and tools which will make its management more efficient and successful. 
These tools will aim: a) to increase the knowledge (scientific and other) on the issue and b) to identify 
and propose solutions for the institutional deficiencies. To achieve that in detail, the focus of future 
work should be placed in those areas which were identified as more affected by the management 
issue. 
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Abstract 

The continuously expanding amounts of waste produced in the EU constitute a major concern at a 
European level. Municipal waste management represents one of the most critical problems that need 
to be addressed in Greece, because of the lack of available funds due to the financial crisis. To date, 
several illegal landfills still pollute the environment, with Greece being penalized by the European 
Court of Justice for several cases since 2005. On this basis, the development of an optimal waste 
management strategy, exploiting all available technologies and taking into account all waste streams 
is more than critical at a national level. In this work, we focus on the Life Cycle Assessment (LCA) 
of different scenarios of municipal solid waste management practices in an effort to estimate 
quantitively their environmental impacts. The work is conducted for the Region of Central 
Macedonia, Greece. 


Keywords: waste management; municipal solid waste; life cycle analysis; Region of Central 
Macedonia. 


1. INTRODUCTION 


The world population is constantly growing and lifestyles and trends are changing rapidly. Increasing 
quantities of municipal waste is a key issue in modern cities worldwide, and one of the major 
challenges for municipalities is the collection, recycling, treatment and disposal of solid waste 
(Cherubini, Bargigli and Ulgiati, 2009). In European Union, Waste Framework Directive 
(2008/98/EC) and Landfill Directive (1999/31/EC), it is set the regulatory framework within which 
member states should adopt more environmental options, based on the “Waste Hierarchy” concept, 
which includes the ideas of reduce, reuse, recycling/compost and energy recovery from waste, thereby 
aiming at waste prevention and landfill minimization. 


Consequently, there has been a growing interest in sustainable management of MSW, which covers 
generation, collection, transfer, sorting, treatment, recovery and disposal of waste. On this basis, it 
has been done much research on integrated solid waste management systems, which include various 
options like materials recycling, biological treatment of biodegradable fractions, composting or 
thermal treatments with energy recovery. Several publications have appeared evaluating several 
MSW management strategies at local, regional and national level. Different practices on waste 
management have been reviewed for countries such as: Germany, Denmark, Greece and other 
European countries (Bassi et al., 2017; Gentil et al., 2009), for regions: Lombardia, Italy (Rigamonti 
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et al., 2013), for cities: Niš, Serbia (Milutinović et al., 2017), Porto, Portugal (Herva, Neto and Roca, 
2014), Naples, Italy (Hornsby et al., 2017). 


However, limited amount of publications can be found in the literature that discuss the issue of 
municipal waste management in Greece, despite the fact that Waste Framework Directive is poorly 
implemented, with the country being penalized by the European Court of Justice since 2005. Trends 
and patterns of solid waste generation and waste composition (Papachristou et al., 2009), challenges 
of waste management (Erkut et al., 2008), dynamics, comparison and evaluation of waste policies 
and treatment methods (Koroneos and Nanaki, 2012; Karagiannidis et al., 2013; Minoglou and 
Komilis, 2013; Koufodimos and Samaras, 2002) have been reviewed for the city of Thessaloniki. 
Nevertheless, most of the previous studies do not take into account the revised Regional Waste 
Management Plan (RWMP) for the Region of Central Macedonia (RCM). 


On this basis, the development of an optimal waste management strategy is more than urgent in the 
area. The current study focuses on the environmental impacts caused by the existing waste 
management system in the RCM and the comparison of alternative scenarios regarding MSW 
management in the RCM. LCA is adopted to benchmark the alternative practices on the basis of 
specific environmental indicators that were considered important for the environment and human 
health. 


2. MATERIALS AND METHODS 


2.1 Municipal solid waste management in the Region of Central Macedonia 

Greece consists of 13 administrative regions, which are further subdivided into 54 prefectures. This 
paper is focused on the management of municipal waste in the RCM, which is located in North Greece 
and consists of the central part of the geographical region of Macedonia. The region has the largest 
surface area (18.811km7) among all regions, and it is divided into seven prefectures: Thessaloniki, 
Imathia, Pella, Kilkis, Pieria, Serres and Chalkidiki. Additionally, it is the second most populous 
region after Attica, with intense urbanization and a high density of inhabitation, especially in 
Thessaloniki and its metropolitan area, which is the capital of the region. 


In the Region of Central Macedonia 842.490 tons/year of waste generated in 2014, according to up- 
to-date Regional Waste Management Plan (RWMP) (RWMP,2016), from which 82% ended up to 
Sanitary Landfills. In general, the composition of MSW depends on the socioeconomic conditions 
and the various consumption patterns in the RCM. However, within the context of this study, a typical 
average composition of the waste is used, in accordance with the data available in RWMP (Batsioula, 
2018). The fractions of MSW included in the study are: (i) total amount of household organics, (ii) 
paper, (iii) plastic, (iv) metals, (v) glass, (vi) wood, (vii) other recoverable such as batteries and 
household appliances, as well as other unclassified materials including also hazardous waste like 
textiles, inks, medicine. The composition of total municipal waste in the RCM is illustrated in Figure 
1. 


Municipal Solid Waste 


E Organics 

E Paper 

E Plastic 

= Metal 

= Glass 

= Wood 

= Other Recoverables 
= Others 


Figure 1: Typical composition of total MSW in Region of Central Macedonia (RWMP, 2016). 
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According to the RWMP, except for sorting at the source of packaging waste and some other streams 
such as batteries and Waste Electrical & Electronic Equipment (WEEE), all municipal waste of the 
RCM is disposed to landfills. More specifically, 82% of MSW are disposed directly to landfills, 
whereas only 12% are sorted at the source. RCM still has not implemented a MSW system which 
includes advanced waste treatment methods. RCM’s waste management policy involves mainly the 
collection and disposal of waste in the landfill. The current situation in the prefectures of the region 
is such that initially, municipal waste, that are temporarily storaged into bins or containers, are 
collected by a public company using waste collection vehicles and then transported in Waste Transfer 
Stations (WTSs). At the same time, waste streams such as paper, glass and packaging waste, are 
separately collected in special bins and collection vehicles transport them in Material Recycling 
Facilities (MRFs) (RWMP, 2016). 


With respect to bio-waste, no separate collection program is implemented in the RCM, with the 
exception of diversion in rural areas for the purpose of animal feeding and on-site composting, as 
well as pilot composting programs and programs for the collection of cooking oil and grease waste 
in some schools of the region, that send it in a recycling company which converts it into an alternative 
fuel, biodiesel. Also, WEEE in almost all municipalities, are collected by private companies and led 
to processing plants. Moreover, bulky waste is collected by the Municipalities' Cleanup Department. 
In the majority of the municipalities of RCM, after the collection, it is sent mainly direct or after 
shredding disposal in landfills or dispatch to private companies. Similarly, management of garden 
waste includes segregation and disposal in landfills, since in most of the municipalities of RCM there 
is not organized system for collection and management of green waste (RWMP, 2016). 


2.2 LCA method 

The goal of this study is to analyze and compare different MSW management strategies that can be 
implemented in the RCM from an environmental point of view. Therefore, different treatment 
methods were investigated and alternative MSW management systems were compared (Batsioula, 
2018). More specifically, three (3) alternative scenarios have been compared regarding the 
management of MSW generated in the RCM. Each scenarios consists of the storage and collection of 
MSW in bins, both mixed bins and those for separately sorting of recyclable fractions at the source, 
the gathering of municipal waste and their transport by collection vehicles to the WTS. Besides that, 
the alternatives include the main treatment available in each scenario such as the mechanical 
separation of the waste, recycling or composting, and the final disposal of the residues of those 
processes in a landfill site. The LCA methodology was used in order to choose the optimal MSW 
management system. The application of LCA was carried out with the use of SimaPro software, which 
enables the evaluation of environmental impacts for all alternatives for the waste management by 
using specific environmental impact indicators that will be further analyzed in the following sections. 


Within the framework of this study, the functional unit is defined equal to the reference flow. More 
specifically, this is the whole amount of municipal solid waste generated in the RCM over a period 
of one year (842.490 ton). The choice to use the entire amount of waste produced as a functional unit 
may limit the ability to draw general conclusions for regions and municipalities. However, it was 
considered more relevant than to select a standard unit like 1 ton of waste, since the current study 
attempts to define the situation as it is in the RCM. 


The system under study is defined as an integrated waste management system for 842.490 tons of 
MW. Its boundaries involve the final stage of the life cycle of the waste generated in the RCM. More 
specifically, the system boundaries include all processes from the moment the waste is collected until 
it leaves the system either as an emission or as a secondary raw material, biogas or energy (Figure 2). 
MW enters the system after been discarded either as mixed waste or as source-segregated streams 
which are separately collected. The system covers waste collection from bins, transport, mechanical 
separation, when is available, recycling or other waste treatment, and finally disposal in a landfill. 
Also, within the system boundaries, besides the main treatment of MSW, the required fuels for the 
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transport, as well as energy for both the operation and construction of all required facilities are 


included. 


Main Waste Treatment 


Landfilling 


Collection fe à Recycling 
Transportation 
(mixed bags / sorting at source) 
Composting 


Solid / Water/ Air 
Emissions 


Recyclable / 
Recoverable Materials 


Biogas 
Compost 
Energy 


Figure 2: Schematic Flowchart of System’s Boundaries (Batsioula, 2018). 


2.3 Scenarios description 

With the intention to examine and outline the benefits and drawbacks of the techniques used on 
municipal solid waste management, diverse MSW strategies have been analyzed. The differentiation 
of the proposed strategies is based on the variations of the waste flows in comparison to the different 
waste control methods, such as landfill, recycling, composting and others. With the core of 
conventional waste treatment methods and the final disposal in landfills, the different proposed 
strategies focuse on reuse and recycling most of MSW, as well as on energy recovery are following: 


e Scenario 0: the main treatment of this scenario is landfilling without energy recovery, 

e Scenario I: the main treatment of this scenario is landfill with energy recovery, and except for 
landfilling includes small percentages of recycling of some MSW fractions, 

e Scenario II: the main waste treatment of this scenario is recycling and material recovery, thus it 
incorporates the future targets that must be completed according to the European Directive. 


Scenario 0: represents the most common until recently waste treatment method in Greece, landfilling. 
It assumes that the all the municipal waste generated is collected and transferred to WTS. Then, 
without a process of separation of the produced waste, MSW are disposed to regional landfill sites, 
where they are disposed without energy recovery to take place (Figure 3). 


jane oes Emissions 
a ea Landfill > Leachate 
Fransportation i 
Landfill gas 


Figure 3: Mass balance flow chart for Scenario 0 in the RCM (Batsioula, 2018). 


Scenario I: models the basic scenario that corresponds to the present situation in the RCM. Figure 4 
illustrates the flowchart of Scenario I. 694.873 tons (82%) of municipal waste are sent to landfills, 
whereas only 147.617 tons (18%) of waste are separated collected as shown in Table 1. According to 
RWMP and the existing recycling facilities, recyclable waste fractions in the amount of 103.213 tons 
(12% of the total waste amount) are recycled, around 5% of the waste sorted at the source are 
composted at home facilities, and 1% is sent for reuse. 
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7.669 tn 


Figure 4: Mass balance flow chart for Scenario I in the RCM (Batsioula, 2018). 
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Table 1: Current waste management system in RCM (Scenario I) (RWMP, 2016). 


; Total amount Mixed collection Sorting at the source 
MSW Eraction enerated tons / % of the total tons 1% of the total 
Organics 373.224 338.481 91% 34.743 9% 
Paper 187.033 
| pet 270.011 12% 103.213 28% 
Glass 36.227 
Wood 38.753 36.760 95% 1.993 5% 
Other recoverables 13.480 5.811 43% 7.669 57% 
Others 43.809 43.809 100% 0 0% 
Total MSW 842.490 694.872 82% 147.618 18% 


Scenario II: describes the future waste management plan for 2020 as it is defined by the reviewed 
RWMP. This scenario emphasizes on reuse and recycling of all fractions of waste generated in RCM, 
while minimizing the amounts of waste that are sent directly to landfill sites. Particularly, according 
to the RWMP, 74% of the total municipal waste must be recovered whereas only 26% of the aggregate 
MSW quantities should be disposed in the regional landfill sites (Table 2). Figure 5 illustrates the 
flowchart of Scenario II. 


Table 2: Future waste management system in the RCM (Scenario IT) (RWMP, 2016). 


Mixed collection 


MSW Fraction MSW Sorting at source Recovery at WTP Landfillin 

generated (tons / % of the total) (tons / % of the total) (tons / % of ‘ie aia) 

Organics 373.224 149.290 40% 149.290 40% 74.644 20% 
Paper 187.033 110.323 59% 18.729 10% 57.981 31% 
Plastic 117.107 79.617 68% 11.727 10% 25.763 22% 

Metal 32.857 25.293 71% 4.935 15% 2.629 8% 
Glass 36.227 27.362 76% 1.983 5% 6.883 19% 
Wood 38.753 19.377 50% 11.626 30% 7.751 20% 
one 13.480 9.436 10% 674 5% 3.370 25% 

recoverables 

Others 43.809 0 0% 0 0% 43.809 100% 
Total MSW 842.490 420.698 50% 198.964 24% 222.830 26% 
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Figure 5: Mass balance flow chart for Scenario II in the RCM (Batsioula, 2018). 


2.4 Life cycle inventory 

In the LCA, an inventory was created for the proposed alternative scenarios. The selected inventory 
was based on those available in the Ecoinvent database v2.2. Due to the complexity that an integrated 
MSW management system has, several reasonable assumptions are required in order to simplify 
complex calculations and overcome the problem of lack of data, so as to comply with the requirements 
of the SimaPro software and result in a proper comparison between the different scenarios. The 
summary of the main assumptions, as well as the major data used in the modeling of the alternatives 
are the following: 


In order to export valid results, and given the lack of information regarding the management 
practices, waste treatment techniques included in the SimaPro software was performed. 


The collection type is assumed curb collection and consists of the gathering of municipal waste 
in bins from various locations in the municipalities of the RCM. Besides that, closed-body 
vehicles also are considered as part of the collection system. The type of the collection vehicles 
that is assumed to be used is “Transport, municipal waste collection, lorry 21t”, as appeared in 
Ecoinvent database. Nevertheless, only the environmental impacts from waste transportation with 
collection vehicles and not those of raw material and manufacture of bins are taken into 
consideration. 


Due to software restrictions, the environmental impacts of the energy (biogas collection, as well 
as electricity generation and consumption during the operation phase for mechanical separation 
and energy recovery when is available) are not taken into consideration. Similarly, the 
construction of new facilities, in Scenario I, is not taken into consideration as well. 


Since the quantities of WEEE that are separately collected and sent for reuse are small (< 1% of 
the total MSW generated), and due to lack of information regarding their treatment, it is assumed 
that WEEE amounts are sent for recycling. 


Transport to the various waste management facilities was entered on the software according to 
the following assumptions. Initially, the required total distance for waste collection is comprised 
of the distance between the capital city of each prefecture and the final management point. Also, 
the distance calculations are made on the basis of the assumption that empty-collection vehicles 
returns are also included. Besides that, regarding the new waste facilities that are established in 
Scenario II, the required distance for transportation are calculated based on data provided by 
RWMP. 


2.5 Life cycle assessment 
Life Cycle Assessment data was mainly compiled from the SimaPro (Ecoinvent) databases, from the 
bibliography, as well as from the inventory of current waste management system in RCM as described 
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in the latest RWMP. For the Life Cycle Impact Assessment, which based on the outcomes of the 
inventory, both Eco-indicator 99 and CML 2001 methods were utilized. 


According to CML 2001 Method, the emissions from the alternative scenarios studied are classified 
to the following impact categories: Abiotic Depletion Potential (ADP, kg Sb eq), Global Warming 
Potential (GWP, kg CO2 eq), Human Toxicity Potential (HTP, kg 1,4-DCB eq), Acidification 
Potential (AP, kg SO2 eq), Eutrophication Potential (EP, kg PO4 eq), Ozone Layer Depletion Potential 
(OLD, kg CFC-11 eq), Photochemical Ozone Creation Potential (POCP, kg C2H4). On the other side, 
Eco-indicator 99 is a damage-oriented method which classifies the various impact categories and the 
damages caused into three damage categories: Damage to Human Health, Damage Ecosystem Quality 
and Damage to Resources. 


3. RESULTS AND DISCUSSION 


The environmental burdens of each practice were calculated with both selected Methods (CML 2001, 
Eco-indicator 99) and graphically, presented in Figures 6 and 7 respectively. Taking into 
consideration CML 2001 methodology’s results from Figure 6, it is obvious that an integrated waste 
management system can minimize significantly the environmental impacts caused by municipal 
waste generated. Application of sustainable practices and treatment methods such as sorting at the 
source, recycling and composting lead to the reduction of waste disposal. 


In accordance to the results of life cycle impact assessment, Scenario 0, and its main waste treatment 
method, landfilling, results the worst performance for all the indicators analyzed. This high level of 
environmental burdens in all of the impact categories, compared with the other management systems, 
is due to the lack of reuse and the disposal of all waste generated in sanitary landfills. Besides that, 
findings show that the Scenario II contributes to savings in many impact indicators. The replacement 
of primary products with products which come from the waste treatment recompenses the impacts 
caused by the actual process of the treatment, thus Scenario II which corporate high rates of recycling 
and composting is advantageous to most of the impact categories. 


However, the status in cases of global warming and eutrophication indicators is different. Global 
warming potential has positive values for all Scenarios. Scenario 0 has the higher contribution for 
global warming because of the very low level of separate collection. As a result, all waste sent to 
landfills and many CO2 and CH, emissions are released. On the other hand, Scenarios I and II results 
positive values for GWP 00 indicator, which are associated with the CO2 and CH4 emissions emitted 
in the landfill and are not captured by the landfill gas control system. Moreover, all alternatives have 
positive sign of Eutrophication indicator, as they are leachable from landfill, although they are treated 
in wastewater facilities, releasing NO3 and NH3. Thus, in all three alternative management systems, 
those emissions represent the biggest contribution to eutrophication. Even in Scenario II, which has 
generally the most beneficial performance, this indicator shows positive value. 


Comparing the three scenarios | Method: CML 2001 V2.05 / World, 1995 / Characterization 
150% 5 


100% + 
50% - L i s L = Scenario 0 
0% 1 r 7 ; : i : : s : = Scenario I 
-50% 1 1 s = Scenario II 
-100% 4 


-150% - 


ADP AP EP GWP OLD HTP POCP 


Figure 6: Comparison of the proposed scenarios for the seven categories of impact (CML 
2001). 
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With respect to the results from Eco-indicator 99 methodology is concerned, from the single score 
that is illustrated in Figure 7 - It is clear that Scenario 0 is the worst waste management system that 
can be implemented in the RCM. Its environmental burden is significant, according to both 
methodologies used. Similarly with CML 2001, results for Eco-indicator 99 methodology indicates 
that the main impacts caused by landfilling treatment process and the huge amount of waste that is 
disposed (Scenarios 0 and I). Furthermore, the environmental benefits that derive from the 
replacement of primary products with recycled ones are significant (Scenario II). As Figure 7 
illustrates, savings of the resources are more advantageous when high rates of sorting collection, 
recycling and composting are implemented. 


Comparison of the three scenarios | Method: Eco-indicator 99 (H) V2.08 / Europe EI 99 H/H / Single score 


3.00E+07 
2.00E+07 
1.00E+07 
0.00E+00 
-1.00E+07 
-2.00E+07 
-3.00E+07 - 


= Human Health 
= Ecosystem quality 


m Resourses 


Single score (Pt) 


Scenario II 
Figure 7: Comparison of the proposed scenarios (Single score of Eco-indicator 99 
methodology). 


Sceario 0 Scenario I 


Overall, taking into consideration the final results of the two methods (Table 3, Figure 8), it becomes 
clear that Scenario II is the best waste management practice, due to high environmental benefits 
derived from the recycling of waste streams, as well as the small environmental burden from waste 
disposal, because of the comparatively less amounts of waste sent to landfill sites. On the other hand, 
landfilling of municipal waste, as it has already be mentioned in the literature, is thought to be the 
worst method from the treatment of waste generated. That is because of the significant impacts this 
process has both to the environment and human health. As a final consideration on the results, the 
uncertainty of such studies is a significant factor that should be taken under consideration. However, 
due to lack of time, the analysis of uncertainty does not included in the scope of this study, and thus 
will not be presented. 


Table 3: Final normalized results of CML 2001 and Eco-indicator 99 methodologies. 


CML 2001 
ADP AP EP GWP100 ODP HTP POCP 
Scenario 0 1,72E-06 9,83E-07 1,67E-05 9,96E-06 1,21E-08 6,01E-06 1,24E-06 
Scenario I -3,4E-06 -5,3E-07 1,39E-05 7,32E-06 5,27E-09 1,69E-06 8,22E-07 
Scenario II -1,6E-05 -4,6E-06 3,2E-06 7,43E-07 -1,5E-08 -8,6E-06 -2,2E-07 
Eco-indicator 99 

Human Health Ecosystem Quality Resources 
Scenario 0 8,63E+04 2,02E+04 1,03E+04 
Scenario I 6,53E+04 1,52E+04 -1,45E+04 
Scenario II -3,95E+02 3,79E+03 -7,51E+04 
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(a) (b) is) 
Figure 8: Network chart flow for: (a) Scenario 0, (b) Scenario I and (c) Scenario II, which 
refers to single score as resulted from Eco-indicator 99 method. 


4. CONCLUSION 


The aim of this study was the development and application of a life cycle methodological framework 
in order to compare the different management practices and select the optimal and most sustainable 
integrated waste management system from an environmental point of view. According to all 
indicators examined, waste management practices that involve either wholly or partial disposal in 
landfill sites have the worst performance. The parameters that contribute to these negative results are 
the large quantities of untreated municipal waste that are disposed in landfill and the low rates of 
landfill gas collection. It should be highlighted that the alternative management practice of municipal 
waste, which combines the recycling of metals, glass, plastics and paper, with the composting of 
organic fractions of MSW after the separately collection at source, is the best solution. And that is 
because, in this scenario the rate of untreated waste which is sent to landfill sites is significantly low, 
and at the same time the material recovery offers many environmental benefits. However, it should 
not be forgotten that alternative waste treatment methods such as recycling do have negative 
environmental impacts, and these loads do not overshadow the environmental benefits of material 
recovery. 


Taking into consideration the results of the LCA analysis, it has been found that the implementation 
of an integrated waste management system is important to the sustainable management of municipal 
waste. Nevertheless, this system may not be effective if there is no efficient sorting of waste streams 
at the source. Overall, a significant percentage of municipal waste can be treated in various ways, 
recycled or reused before disposed in a landfill site, thus minimizing environmental impacts of the 
continuously expanding amounts of waste produced nowadays. 
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Abstract 

The municipal solid waste (MSW) in landfills undergoes anaerobic decomposition to produce landfill 
gas (LFG), which predominantly consists of methane (CH4) and carbon dioxide (CO2). Fugitive LFG 
emissions which are otherwise not targeted by gas collection system escape into the atmosphere, 
forming one of the largest anthropogenic sources of CH4 and CO? emissions in the United States. The 
landfill cover soil plays an important role in mitigating the LFG emissions by microbial oxidation of 
CH; to CO2 thereby reducing the CH4 emissions to atmosphere. Several researchers have investigated 
the addition of organic amendments to the cover soils in order to enhance microbial oxidation of CH4 
in landfill covers. In recent years, biochar as an organic amendment has shown promise in enhanced 
microbial oxidation due to its inert/stable chemical nature to degradation, high surface area, high 
internal porosity, and high moisture holding capacity. However, in all these efforts there is no regard 
given to the COz that still escapes into the atmosphere in undesirable amounts. Steel slag, a product 
from steel making industry, due to its high alkaline buffering capacity, high carbonation potential, 
and its unique cementitious properties has found numerous applications in civil and environmental 
engineering. But, until now there has been no study on the potential use of steel slag in landfill covers 
to sequester the CO2 emissions. Ongoing research study, funded by the U.S. National Science 
Foundation, explores the use of BOF steel slag in conjunction with biochar amended cover soil so as 
to first convert CH4 to CO2 by microbial oxidation and thereafter sequester the resulting CO2 from 
CH; oxidation and the prevailing CO2 from anaerobic decomposition together by steel slag, thereby 
significantly mitigating the LFG emissions from landfills. In this paper, a review on the current 
applications and carbon sequestration mechanisms of BOF steel slag is presented. Finally, the 
proposed concept of the biogeochemical soil cover for mitigation of LFG emissions and some of the 
results from a preliminary investigation indicating the CO2 sequestration potential by steel slag are 
discussed. 


Keywords: MSW landfills, landfill cover; landfill gas; bio-geochemistry; BOF steel slag; biochar; 
carbonation 


1. INTRODUCTION 


The global greenhouse gas (GHG) emissions including the methane (CH4) and carbon dioxide (CO2) 
have been rapidly increasing due to population growth and the corresponding energy and resource 
consumption across the globe. This has contributed significantly to global climate change. Although 
landfilling of waste is considered an unsustainable option, it still remains the primary waste 
management technique in the US and many other countries. According to United States 
Environmental Protection Agency (USEPA) out of the 258 million metric tons of MSW generated in 
2014, about 136 million metric tons of MSW was landfilled (USEPA 2016). The MSW placed in 
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landfills undergoes anaerobic decomposition producing the landfill gas (LFG) which predominantly 
consists of CH4 and CO2. MSW landfills are regarded one of the largest anthropogenic sources of 
CH; and CO2 emissions into the atmosphere in U.S. In this regard, the U.S. regulations mandate the 
installation of active gas extraction systems to substantially minimize the emission of LFG and other 
non-methane organic compounds into the atmosphere. However, fugitive emissions persist as they 
are otherwise not targeted by the gas extraction systems. 


Several researchers have demonstrated the limited oxidation of CH4 into CO: in the soil naturally due 
to methanotrophic bacteria in the landfill cover soils (Whalen et al. 1990; Hilger et al. 2000). In order 
to enhance the microbial oxidation of CH4 in landfill cover, biocovers were introduced that involved 
amending the cover soil with organic material to promote the microbial growth. Several organic 
amendments such as compost, manure, biosolids, and digested sludge which could be used to enhance 
microbial activity, had several limitations. Compost or sewage sludge, if it is not substantially 
degraded, can undergo anaerobic decomposition producing CH4 and CO): itself, thus exacerbating 
emissions. 


Recent lab-scale investigations and field pilot tests have demonstrated that biochar shows good 
performance as an organic amendment for enhanced microbial oxidation of CH4 in landfill covers 
(Yargicoglu and Reddy, 2017a, b, 2018). Biochar is a solid byproduct derived from gasification or 
pyrolysis of biomass under anoxic or low oxygen conditions (Reddy et al., 2014). Biochar with its 
high porosity and large specific surface provides favorable environment for the methanotrophs to 
proliferate and thrive in the cover soil thereby facilitating the CH4 oxidation (Yargicoglu et al., 2015). 
Although the biochar-amended soil cover system mitigates the CH4 emissions into the atmosphere, it 
can only oxidize CH4 into CO2, leading to continued emission of CO2 into the atmosphere in 
undesirable amounts. Hence, it is desirable to develop a cover system that can minimize both the CH4 
and CO2 emissions into the atmosphere. 


Mineral sequestration of CO2 by carbonation using steel slag is proposed to be an effective approach 
to substantially alleviate CO2 emissions into the atmosphere (Huijgen et al., 2005, 2006). Steel slag 
is a product generated during the steel making process. There are several studies in the literature that 
have investigated the potential use of steel slag for CO2 sequestration. Most of the studies focused on 
COz sequestration for slag pre-treatment (for pH reduction) in civil engineering applications such as 
its use as aggregates in concrete, base layer in roadways and pavements, railroad ballasts thereby 
preserving the virgin materials. There are a few studies that investigated the utilization of steel slag 
in landfill covers as hydraulic barrier material. However, there has been no study on the use of steel 
slag in landfill cover systems specifically for CO2 sequestration. This paper discusses steel slag and 
its unique characteristics that aid in CO2 sequestration. Thereafter, the geochemistry of mineral 
sequestration of CO2 by carbonation is presented. A review of typical applications of steel slag 
leveraging the process of carbonation is also presented. Finally, the paper proposes the concept of 
zero emission from landfills to investigate the use of biochar and steel slag amendments to soil in the 
landfill cover system to sequentially mitigate both CH4 and CO2 emissions from landfills. 


2. STEEL SLAG 


Steel is one of the most used materials on earth. The global annual steel production in the year 2016 
reached 1.63 billion metric tons and 78.5 million metric tons of which was produced in U.S. (World 
Steel Association, 2017). Steel slag is a product obtained from the iron and steel making process. It 
originates as a molten liquid melt while impurities are being separated from molten steel and is a 
complex solution of silicates and oxides that solidifies upon cooling. The amount of steel slag 
produced depends on both the feed and the type of furnace used, but typically 0.2 ton of steel slag is 
produced per ton of steel. The steel making industries in U.S. generate approximately 10-15 million 
tons of steel slag every year (Yildirim and Prezzi, 2011). 


There are three principal types of slag based on the type of furnace used for steel production namely, 
(i) Basic Oxygen Furnace (BOF) Slag, (ii) Electric Arc Furnace (EAF) Slag, and (iii) Ladle Furnace 
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(LF) Slag. A detailed explanation of the production process in each of the furnaces and the typical 
chemical composition of different slag types can be found in Shi (2004), Pan et al. (2016) and 
National Slag Association, (2013). The composition of furnace charges, grades of steel produced, rate 
of slag cooling and furnace operating practices also influence the composition and properties of steel 
slag. The typical composition of steel slag mainly comprises of calcium silicates, calcium 
aluminoferrites, and fused oxides of calcium, iron, magnesium, manganese and trace heavy metals. 
There also exists approximately 10 to 15% free lime in steel slag based on the operating conditions 
employed for steel making and the steel making process. The pH of the fresh steel slag is usually 
similar to lime products or up to 12.5. 


The steel slag generated at the steel plants is initially stockpiled at the plant and eventually sent to 
slag disposal sites, if there is no use or market for it. In this regard, several researchers have studied 
the use of steel slag in order to reduce its disposal in landfills and also preserve the natural resources. 
Steel slag exhibits some unique characteristics that make it suitable for its use in many civil and 
environmental applications. Moist or wet steel slag has a high affinity for atmospheric CO2. The lime, 
Portlandite and several Ca silicates in steel slag undergo dissolution in the presence of moisture to 
react with CO2 and precipitate as carbonates. This results in increased physical stability, strength and 
compressibility characteristics due to the binding nature of the carbonate precipitates. A detailed 
explanation on the carbonation mechanisms and some of the important factors influencing the process 
is discussed in the following section. 


3. CARBONATION IN STEEL SLAG 


The fundamental mechanism behind the carbonation of steel slag is to allow for the reaction between 
cations (Ca**, Mg”) in the presence of moisture and CO2 to form thermodynamically stable and 
insoluble carbonates. BOF steel slags are ideal minerals for carbon sequestration as they are low-cost, 
with high CaO content (Pan et al. 2016). Various studies have demonstrated that the accelerated 
carbonation of steel slag is an effective technique to stabilize the alkaline mineral while 
simultaneously fixing the CO2 (Pan et al. 2016; Olajire 2013). 


Carbonation of alkaline solid wastes (e.g. steel slag) may occur in two ways: (a) direct carbonation 
(one step process), and (b) indirect carbonation (two or more step process). Moreover, the direct 
carbonation could be classified as dry or aqueous based on the liquid-to-solid ratio. The direct reaction 
of gaseous CO? with solid mineral or alkaline waste is the most straight forward mineral carbonation 
route. However, the reaction rate of dry carbonation is very slow and carbonate conversion is low. 
The dry carbonation of Ca silicate minerals can be generalized as in Eq. 1. 


Ca-silicate(s) + COxg) >CaCOxs) + SiOx) (1) 


Aqueous carbonation is faster and results in higher carbonate formation than dry carbonation. Direct 
aqueous carbonation involves three coexistent mechanisms based on the minerals available. First, 
dissolution of lime and portlandite takes place to readily produce Ca” ions as shown in Eq. 2 and 3. 
Then, carbon dioxide dissolves in water resulting in an acidic environment and CO3” ions species as 
shown in Eq. 4. 


CaO+H20 > Ca(OH)2 (2) 
Ca(OH) > Ca* + 20H” (3) 
COzxe) + H200 > H2CO3(aq) > 2H* (aq) + CO3* (ag) (4) 


Ca** leaches from the mineral matrix (larnite), facilitated by the protons present as shown in Eq. 5. 


(Ca)-silicatess) + 2H* (aq) > Ca” (aq) + SiO2% +H200 (5) 
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Finally, calcium carbonate precipitates as shown in Eq. 6 
(Ca)-silicates,) + CO3* (aq) > CaCO3) (6) 


Hence, the fundamental mechanism of direct carbonation reaction in steel slag involves (1) the 
leaching of alkaline mineral metal from the mineral matrix (predominantly Ca), (2) dissolution of 
gaseous CO72 into aqueous phase followed by conversion of carbonic acid to carbonate ions, and (3) 
consequent precipitation of stable carbonates from Ca silicates (Pan et al. 2016). A schematic of the 
direct carbonation is shown in Fig. 1. 


Steel Slag 


(Alkaline mineral) : , Cemented 
Direct Carbonation Material 


© O (One Step) + 
Z 
<pv 

l Carbonates N N | 


Water 


Carbonation 
Figure 1: Direct Carbonation 


Indirect carbonation is the process where reactive alkaline earth metal is first extracted from the steel 
slag using chemical extractants (e.g. acetic acid) and subsequently carbonated which is given by the 
chemical reactions in equations 7 and 8 below. This method is usually employed in commercial 
manufacturing of carbonates. 


CaSiO36) + 2 CH3COOH (aq) > Car" faa) + 2 CH3COO (aq) + S1O26) + H20 (aq) (7) 
Ca?" (aq) + 2 CH3COO (ag) + CO2 œ) + H20 (aq) > CaCO3 (s) + 2 CH3COOH ag) (8) 


The mechanism of carbonation in steel slag can vary based on the composition of steel slag. A detailed 
explanation on each of the carbonation approaches is presented by Pan et al. (2016) and Olajire 
(2013). In this study, the concept that is of relevance is the direct carbonation of steel slag to realize 
CO2 sequestration by forming stable and insoluble carbonates. The various advantages/benefits of 
carbonation of steel slag and its application in civil and environmental engineering is discussed briefly 
in the following section. 


4. BENEFICIAL USES AND APPLICATIONS OF STEEL SLAG 


BOF steel slag has been predominantly used as a construction material in asphalt paving, unpaved 
roads, agricultural lime, acid mine drainage remediation, manufacture of cement all of which can be 
ascribed towards its enhanced mechanical and pozzolanic properties resulting from carbonation. In 
addition to its use as a construction material, several researchers assessed the use of steel slag for 
environmental remediation applications, especially phosphorous removal (e.g., Drizo et al., 2006). 
BOF steel slag has been used as base and subbase layers in pavements in addition to its use as coarse 
aggregates in surface layers of pavements, mainly due to its high strength, high binding capacity with 
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high abrasion and high frictional resistance. Due to their high density, strength, rough texture and 
durability, they can be processed as high-quality aggregates, comparable with natural aggregates. 


Relevant to this study is the work of Herrmann et al. (2010), who investigated the potential use of 
EAF slag and Ladle slag (LS) as a barrier material in landfill cover. Surprisingly, these slags 
possessed very low hydraulic conductivity. Field investigation using ten lysimeters confirmed that 
the leachate collected at the base of the cover is well below the regulatory criterion and can potentially 
be used as a barrier material in landfill covers. 


Diener et al. (2010) studied the stability of steel slag (mixture of EAF and LS) by performing long 
term laboratory tests to understand the leaching behavior, acid neutralization capacity and mineralogy 
of steel slag using multivariate data analysis. The researchers investigated the effect of CO2 content 
in the atmosphere, relative humidity, aging time, temperature and water quality on the accelerated 
aging in steel slag. It was observed that the aging time and the CO2 content in the atmosphere were 
the prime factors that had a significant effect on long term stability of steel slag. Mineralogical 
changes during the aging process showed the formation of calcite which was confirmed using XRD. 
A review on several other applications of steel slag can be found in Pan et al. (2016), Olajire (2013) 
and Yi et al. (2012). 


In all of the literature on applications of steel slag, it has been used as a construction material or as a 
hydraulic barrier material in the final cover in landfills. However, to date, there has been no study on 
the use of steel slag for the sequestration of CO2 emissions from the MSW landfills. This study 
proposes to utilize the carbonation and other mechanisms associated with CO2 sequestration in steel 
slag and thereby mitigate the CO2 emissions released into the atmosphere from the landfills. A new 
concept of “Zero Emissions Cover System” is proposed as detailed in the following section. 


5. BIOGEOCHEMICAL SOIL COVER SYSTEM 


There are several studies in the literature that have looked at the potential use of steel slag in carbon 
sequestration using the carbonation process. However, there has been no investigation on the use of 
steel slag as a cover soil amendment in landfills to sequester CO2 emissions. A new research project 
funded by the U.S. National Science Foundation is currently in progress to fully explore the 
fundamentals and practical aspects of an innovative, low-cost landfill cover system consisting of steel 
slag in combination with biochar which can mitigate the CH4 and CO2 emissions from MSW landfills. 
In a previous investigation at UIC, biochar-amended soil cover was conceived and developed as an 
effective sustainable biocover for CH4 oxidation. A systematic and comprehensive study was 
performed involving material characterization, batch tests, and lab-scale column experiments to 
investigate the adsorption and transport mechanisms associated with biochar amended cover soil 
systems. Microbial characterization was also performed to identify the specific methanotrophs that 
were involved in CH3 oxidation. A full-scale field demonstration was also implemented to evaluate 
the performance of biochar-amended soil cover at a landfill exposed to variable environmental 
conditions. This research work advanced the knowledge on the fundamental processes and system 
variables responsible for enhancing the methanotrophic activity by providing a favorable 
environment for the methanotrophs to proliferate and thrive in the cover system. Unfortunately, such 
a biocover system can only microbially oxidize CH4 into CO», leading to continued emission of CO2 
into the atmosphere. 


It is essential to develop a cover system that can minimize both the CH4 and CO2 emissions into the 
atmosphere. It is hypothesized herein that biochar and steel slag amended soil cover systems can 
eliminate both CH4 and CO2 emissions via biochar-aided methanotrophic oxidation of CH4 into CO2 
and subsequent or simultaneous slag-aided carbonation/sequestration of all of CO2, thus ideally 
eliminating the LFG emissions from the landfills. This concept of “Zero Emissions Cover” is a 
transformative approach to substantially mitigate, if not eliminate, the carbon footprint associated 
with LFG emissions. The concept of biochar and steel slag amended soil cover system to achieve 
zero emissions is shown schematically in Fig.2. As shown in Fig.2, the proposed biogeochemical 
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cover system also has the potential to mitigate hydrogen sulfide (H2S) if present in the landfill gas, 
due to co-disposal of construction and demolition (C&D) waste with MSW. 
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The combination of steel slag and biochar with their inherently distinct properties has several 
characteristics that are highly desirable in a landfill cover system. These include: (a) preferential 
adsorption of CH4 by biochar thereby increasing its bioavailability for oxidation; (b) strong alkaline 
buffering capacity of steel slag which results in CO2 absorption, and (c) increased physical stability, 
strength and compressibility characteristics due to the pozzolanic nature and angularity of steel slag. 
In addition, biochar and steel slag fines are very inexpensive, sustainable and practical to employ in 
field. Although there are numerous benefits identified with the use of these materials, it is of utmost 
importance to delineate the complex fundamental coupled biogeochemical processes that dictate the 
transport, adsorption, microbial oxidation, and carbonation of LFG. Moreover, it is important to 
assess the influence of various factors — including moisture, pH, LFG composition, loading rates, 
flow rates, particle size, steel slag and biochar source and composition, and several others — on the 
fundamental processes that occur in the proposed “zero emissions” cover system. 


6. PRELIMINARY INVESTIGATION 


In order to evaluate the potential for carbonation in steel slag, a preliminary experimental study was 
conducted at UIC to examine the ability of steel slag to sequester CO2 at normal atmospheric 
conditions. A BOF steel slag sample was obtained from the Indiana Harbor East (IHE) steel plant, 
the cover soil from Zion Landfill, IL, and the biochar produced from gasification of wood pellets 
(which was used in a previous biochar study at UIC). The soil, biochar and steel slag were first 
characterized for their physical and geotechnical properties following relevant ASTM standards and 
the results are shown in Table 1. 


A series of batch tests were conducted using these samples individually as well as in combinations of 
these materials in different proportions. The combinations of materials tested were: soil and biochar 
(S/BC); soil and slag (S/SL); slag and biochar (SL/BC); soil, biochar and 10% of slag by weight 
(S/BC/SL 10%); soil, biochar and 5% of slag by weight (S/BC/SL 5%); and soil, biochar and 2% of 
slag by weight (S/BC/SL 2%). The biochar content was 10% by weight in all of these combinations. 
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The samples were prepared in glass 125 ml vials at the same moisture content of 10% by weight and 
analyzed at room temperature. All the samples were tested in triplicate to ensure repeatability. The 
samples were injected with 12 ml of synthetic landfill gas mixture (50% CH4—-— 50% CO2) and 
analyzed using a Gas Chromatograph (SRI 9300B) immediately after the injection of gas into the vial 
(Time 0) and after 24 hours from the injection (Time 24) according to the headspace sampling 
methodology. The preliminary investigation based on these batch tests showed complete depletion of 
CO} in all steel slag containing samples after 24 hours. Fig. 3 summarizes the results obtained the 
preliminary batch tests. 


Table 1: Properties of Cover Soil, Biochar and Slag 


Properties Cover Soil Biochar Steel Slag 
Organic Content (%) 3.10 63.7 0 
Organic Carbon Content (%) 0.52 32.0 0 
pH 5.3 8.7 12.3 
Specific Gravity 2.65 0.81 3.04 
Atterberg Limits: 
Liquid Limit (%) 31 
Plastic Limit (%) 19 Non-Plastic Non-Plastic 
Plasticity Index (%) 12 
Grain Size Distribution: 
Gravel (%) 0.0 67.8 15.78 
Sand (%) 8.35 31.4 76.42 
Fines (%) 91.6 0.0 7.8 
Hydraulic Conductivity (cm/s) 4.3x10° 1.2x10° 3.9x104 
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Figure 3: CO2 and CH4 Uptake in Samples with Soil (S), Biochar (BC) and Slag (SL) 
(B-Blank, S-Soil, BC-Biochar, SL-Steel Slag) 


These preliminary results (SL/series results) clearly demonstrate that the CO2 sequestration by slag 
can be rapid and substantial under normal landfill conditions. In addition, the CH4 depletion in 
samples containing biochar and slag was observed (SL/BC data), indicating the removal of CH4. 
However, the relative contributions of microbial oxidation or adsorption have not been established. 
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Therefore, there is still a need for extensive analysis of the carbonation potential of steel slag under 
various conditions including moisture, temperature, CO2 loading, and particle size. It is also essential 
to investigate the effects of highly alkaline pH on the growth and activity of methanotrophs in cover 
soil and biochar. Some methanotrophs are found to be sensitive to pH, while others such as 
extremophile methanotrophs are shown to be resilient to high pH conditions (Trotsenko and 
Khmelenina, 2002; Saari et al., 2004; Roadcap et al., 2006). In addition, the individual mechanisms, 
reaction kinetics and interdependency of the microbial oxidation and carbonation must be quantified. 
All of these aspects are being investigated in our ongoing study. 


7. ONGOING RESEARCH 


It is anticipated that this innovative, low-cost, feasible and sustainable cover system will help in 
realizing the overarching goal of eliminating the LFG emissions from landfill into the atmosphere. In 
order to achieve this goal sequentially or simultaneously, it is essential to investigate the fundamental 
coupled biogeochemical processes involved in CO2 sequestration by BOF steel slag and biochar/steel 
slag amended soils and optimize the cover system to achieve maximum CHsg oxidation in biochar and 
at the same time maximize the CO2 sequestration in steel slag. Fundamental questions that need to be 
addressed include: interactive geochemical changes due to the presence of slag and biochar together; 
survival and growth of methanotrophs; carbonation mechanisms and moisture and porewater 
composition impacts; clogging of pores and long-term permeability of the materials, among others. 


In the ongoing research, we are focused on quantifying the physical, chemical and geotechnical 
characteristics of different types of slag including their leachability and surface characteristics. 
Thereafter, a detailed experimental investigation involving bench-scale testing and column 
experiments will be performed to identify the extent of carbonation in steel slag under varying 
environmental conditions including moisture, LFG composition, particle size, slag types among 
others. One of the important aspects of the conceptualized biochar-slag amended cover system is to 
determine the synergistic effects of having both biochar and steel slag in the cover system. It is 
essential to determine the extent of carbonation, microbial oxidation and the microbial activity in the 
cover system. Furthermore, long term column tests using large columns simulating typical landfill 
cover systems will be carried out to assess the simultaneous interactions of transport, adsorption, 
oxidation and carbonation for various simulated biochar, soil and steel slag cover systems under the 
influence of transient and dynamic changes in gas flow and environmental conditions. Microbial 
analysis of the selected tested samples will be to ensure there is adequate biological activity in the 
cover system for microbial oxidation of methane. Additional analysis involving the quantification of 
the extent of carbonation and the mineralogy of the carbonated samples will be performed using 
appropriate methods (SEM and XRD). Finally, based on the observations from the large-scale column 
experiments, few selected profiles will be tested for their performance at a landfill under realistic gas 
production and environmental conditions. 
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Abstract 

Fugitive methane (CH4) and carbon dioxide (CO2) emissions at municipal solid waste (MSW) 
landfills constitute one of the major anthropogenic sources of greenhouse gas (GHG) emissions to 
the atmosphere. In recent years, biocovers involving the addition of organic-rich amendments to 
landfill cover soils is proposed to promote microbial oxidation of CH4 to CO2. However, most of the 
organic amendments used have limitations. Biochar, a solid byproduct obtained from gasification of 
biomass under anoxic or low oxygen conditions, has characteristics that are favorable for enhanced 
microbial oxidation in landfill covers. Recent investigations have shown the significant potential of 
biochar-amended cover soils in mitigating the CH4 emissions from MSW landfills. Although the CH4 
emissions are mitigated, there is still considerable amount of CO2 that is emitted to the atmosphere 
as a result of microbial oxidation of CH4 in landfill covers as well as the CO2 derived from MSW 
decomposition. Basic oxygen furnace (BOF) slag is a product of steel making has great potential for 
CO2 sequestration due to its strong alkaline buffering and high carbonation capacity. In an ongoing 
project, funded by the U.S. National Science Foundation, the potential use of BOF slag in landfill 
covers along with biochar-amended soils to mitigate both CH4 and CO2 emissions is being 
investigated. This paper presents the initial results from this study and it includes detailed physical 
and chemical and leachability characteristics of BOF slag, and a series of batch tests conducted on 
BOF slag to determine its CH4 and CO2 uptake capacity. The effect of moisture content on the 
carbonation capacity of BOF slag was also evaluated by conducting batch tests at different moisture 
contents. In addition, small column experiments were conducted to evaluate the gas migration, 
transport parameters and the CO2 sequestration potential of BOF slag under simulated landfill gas 
conditions. The result from the batch and column tests show a significant uptake of CO2 by BOF slag 
for the tested conditions and demonstrates excellent potential for its use in a landfill cover system. 


Keywords: CO2 sequestration; BOF slag; biochar; carbonation; MSW landfills; landfill cover; 
landfill gas 


1. INTRODUCTION 


Global climate change and the rapidly increasing global population are currently some of the major 
concerns of the modern world. This has led to depletion of natural resources and increased generation 
of waste. In the U.S., landfills are the most dominant method of managing MSW. The MSW in 
landfills undergoes anaerobic decomposition to generate landfill gas that predominantly consists of 
methane (CH4) and carbon dioxide (CO2). The landfill gas (LFG) emissions are estimated to be one 
of the largest sources of greenhouse gas emissions into the atmosphere. 


According to Resource Conservation and Recovery Act (RCRA) Subtitle D regulations, all new 
landfills are required to have active gas extraction systems to collect the LFG and prevent it from 
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releasing into the atmosphere. In addition, a final cover with specific design requirements is made 
essential to minimize the infiltration into the waste as well as limit the escape of landfill gas into the 
atmosphere. However, the gas collection systems do not perform with 100 percent efficiency due to 
the limited radius of influence of each extraction well. Thus, there are always some fugitive emissions 
that cannot be targeted by the gas extraction systems. While serving the intended purpose, landfill 
covers also aid in reducing the fugitive emissions of LFG into the atmosphere to a certain extent by 
microbial oxidation of CH4 to CO2 in the presence of methanotrophs that naturally exist in the soil 
cover. But, the proliferation of these methanotrophs is limited and is not very effective in oxidizing 
large amounts of CH4 emissions from the landfills. 


In this regard, alternative covers called biocovers, involving the addition of organic amendments to 
the soil have gained great attention in the recent past. The addition of organic rich matter such as 
compost, digested sludge, biosolids, and peat moss enhances the microbial activity by providing the 
nutrients and microbial inoculums to the soil. But, the use of these materials has some limitations. 
For example, compost, dewatered sludge and biosolids like materials may themselves undergo 
anaerobic degradation adding to the already existing CH4 and CO2 emissions rather than reducing 
these emissions. Biochar is a promising material as an organic amendment in soil cover because of 
its unique characteristics (Reddy et al., 2014). Biochar is a solid byproduct derived from gasification 
or pyrolysis under low oxygen conditions. Biochar exhibits high internal porosity and high specific 
surface area which provides favorable conditions for microbial colonization and proliferation 
(Yargicoglu et al., 2015). In addition, it consists of stable organic carbon and doesn’t undergo any 
degradation. Recently, an extensive investigation involving lab-scale testing and field demonstration 
of the efficacy of biochar-amended soil cover system was performed (Sadasivam and Reddy, 2015; 
Yargicoglu and Reddy, 2017a, b, 2018). These studies confirmed the use of biochar as a potential 
organic amendment to mitigate CH4 emissions from landfills quite successfully. However, one of the 
major limitations of the biochar amended soil cover system is that it does not address the fate of CO2 
which continues to be emitted into the atmosphere in undesirable amounts. In order to alleviate the 
problems from GHG emissions it is desirable to mitigate the CO2 emissions as well. 


The current study focuses on an innovative concept to mitigate both CH4 and CO2 emissions from 
MSW landfills by leveraging BOF slag. BOF slag is a product of the steel making process and it is 
known to possess unique characteristics suitable for CO2 sequestration. Several different types of 
steel slag are obtained based on the steel type and steel making process (Shi, 2004). Currently, the 
coarser (larger aggregate sized) BOF slag material is utilized in asphalt paving due to its strong rutting 
resistance and durability, while the BOF slag fines are still largely stockpiled at steel plants. The BOF 
slag which has high alkaline buffering capacity can react with CO2 in the presence of moisture to 
sequester CO in the form of stable and insoluble carbonates. This process is generally known as the 
carbonation process. 


In this study, a series of batch experiments were performed to estimate the carbonation capacity of a 
BOF slag. In addition, the effect of varying moisture contents on the carbonation capacity of the BOF 
slag was also studied. Furthermore, small column experiments were performed to evaluate the 
carbonation capacity of BOF slag under a continuous supply of simulated LFG emission conditions. 
The rate of carbonation and the breakthrough time are estimated based on the column experiments. 
The results show a substantial carbonation capacity of BOF slag and favor its use as a potential 
amendment in landfill cover system to mitigate CO2 emissions. 


2. MATERIALS AND METHODS 


2.1 Steel Slag Characterization 

Basic Oxygen Furnace (BOF) slag is produced when molten iron from blast furnace mixes with the 
fluxing agents (calcium oxide and dolomite) in the presence of 10-20% scrap steel melt and 99% pure 
oxygen blown at supersonic speed (National Slag Association 2013). According to U.S. Geological 
Survey, every year almost 15-20 million tons of ferrous slag and about 10-15 million tons of steel 
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slag is produced. The BOF slag was collected from the Phoenix Services LLC facility at the Indiana 
Harbor East Steel Mill. BOF slag contains minerals that contain divalent cations of calcium, 
magnesium and iron that carbonate with time in the open environment. The mineral carbonation 
reaction of metal oxides (MO) can be simplified as: 


MO + CO, > MCO; + Heat 


The mineral carbonation also results in the production of thermodynamically more stable products 
(carbonates). The natural mineral carbonation process could be accelerated and technologically viable 
in the presence of moisture and abundant availability of the minerals such as in BOF slag. The calcium 
silicates (and other silicates and aluminates) in the presence of moisture contributes to CO2 
sequestration (Huijgen et al., 2005) by the following chemical reactions. 


CaSi Ozo) + 2H* caq) > Car" caq) + Si03(.) + H2 0.1) 
Cae caq) + CO (aq) > CaCO3 t 


In order to put BOF slag for beneficial use efficiently in a landfill cover system, it is necessary to 
understand its chemical, physical and geotechnical properties. Hence, a detailed characterization of 
the BOF slag was performed. 


The elemental and mineralogical composition of the BOF slag was evaluated by XRF and quantitative 
XRD analysis (Grubb, 2017). In order to evaluate the potential toxicity of the use of BOF slag from 
leaching of toxic metals, both Toxicity Characteristic Leaching Procedure (TCLP) and Synthetic 
Precipitation Leaching Procedure (SPLP) leaching tests were conducted as per the laboratory 
procedures established by United States Environmental Protection Agency (USEPA) under SW-846 
(Grubb, 2017). Table 1 provides the mineralogy of BOF slag used in this study. The TCLP and SPLP 
leaching test results of BOF slag are summarized in Table 2. Further, the basic chemical 
characteristics of the BOF slag were determined by measurement of pH, redox potential and electrical 
conductivity. The BOF slag used consisted majorly of oxides of calcium and iron. The leaching test 
results as shown in Table 2 shows that the constituents leached from the material are within the 
regulatory limits. 


The results indicated that the BOF slag was highly alkaline with pH in the range of 11.7-12.1. This is 
due to the presence of basic oxides like CaO, MgO and FeO in BOF slag. The specific gravity of the 
BOF slag was found to be 3.04 which is within the reported range of 3.0-3.46 in literature 
(Malasavage et al. (2012). The samples were analyzed for their particle size distribution (ASTM 
D422) and classified as poorly-graded sand. The hydraulic conductivity of the material was tested as 
per ASTM D2434 with a rigid wall permeameter. The hydraulic conductivity was evaluated to be in 
the order of 104 cm/s. The sample was also tested for its moisture retention capacity using the 
procedure described in Kinney et al. (2012). The physical, chemical and geotechnical properties of 
the BOF slag are shown in Table 3. 
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Table 1: Typical Mineral Composition of BOF Slag 


Mineral Mineral Percent Weight 
Formula 

Larnite Ca2Si04 20.6 
Srebrodolskite Ca2Fe205 10.4 
Iron Magnesium Oxide | FeO.76MgO.240 6.7 
Brownmillerite Ca4Al2Fe2010 5.8 
Wuestite FeO 5.4 
Lime CaO 4.1 
Portlandite Ca(OH) 6.5 
Periclase MgO 3.1 
Magnetite Fe304 3.0 
Mayenite Cai2Ali4033 2.7 
Quartz SiO2 0.5 
Iron Fe 0.3 
Amorphous Material 31.1 

Total 100.0 


Table 2: Results from TCLP and SPLP Leaching Tests 


Constituent | Symbol RCRA Allowable Limit TCLP Result SPLP Result 
(mg/L) (mg/L) (mg/L) 
Aluminum Al 0.62 0.16 
Antimony Sb <0.00031 <0.00016 
Arsenic As 5 0.00087 0.00029 
Barium Ba 100 0.14 0.12 
Beryllium Be <0.00025 <0.00013 
Boron B 0.12 0.027 
Cadmium Cd 1 <0.00028 <0.00015 
Calcium Ca 2300 800 
Chromium Cr 5 0.011 0.002 
Cobalt Co 0.0034 0.0013 
Copper Cu <0.005 <0.0025 
Iron Fe 0.031 0.011 
Lead Pb 5 <0.00041 <0.00020 
Magnesium Mg 0.077 <0.050 
Manganese Mn 0.005 0.00072 
Mercury Hg 0.2 <0.00005 <0.00005 
Nickel Ni 0.036 0.013 
Potassium K 0.76 0.66 
Selenium Se 1 0.0047 0.0019 
Silver Ag 5 <0.00025 <0.00013 
Sodium Na 6.4 4.8 
Thallium TI <0.00025 <0.00013 
Vanadium V 0.0058 0.00078 
Zinc Zn 0.035 0.024 
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Table 3: Physical, Chemical and Geotechnical Properties of Soil, BOF Sla 


and Biochar 


Properties Method Soil BOF Slag Biochar 
Physical 
Brown, 
Color Visual Brownish- Grey Black 
grey, Grey 
Odor Visual Trace odor Odorless Odorless 
Chemical 
Redox Potential (mV) | ASTM D4972-01 -37.7 -317.9 -6.3 
Conductivity (OS/cm) | ASTM D4972-01 0.5 0.2 0.8 
pH ASTM D4972-01 7.04 11.7 6.5 
Geotechnical 
Water Holding Capacit i 
Speco ony al 45.93 40.54 51.55 
(w/w) (2012) 

Organic Content (%) ASTM D2974-14 4.47 NA 96.71 
Specific Gravity ASTM D854-14 2.65 3.04 0.65 
Atterberg Limits: 

35.0 
Liquid Limit (%) , , 
ASTM D4318-10 20.34 Non-Plastic | Non-Plastic 
Plastic Limit (%) 
14.66 
Plasticity Index (%) 
Grain Size Distribution: 
Gravel (%) 12 0 45 
Sand (%) ASTM D422-63 7 90.5 54 
Fines (%) 81 9.5 1 
Classification CL SP type SP Type 
i ivi 2.75 x 10° 4.2 x 10% 2x 10+ 
Hydraulic Conductivity ASTM D2434-68 
(cm/s) @ 2.11 g/cc | @ 1.32 g/cc | @ 1.15 g/cc 


2.2 Batch Tests 
The BOF slag was evaluated for its CO2 sequestration capacity by conducting a series of batch 
experiments. The batch tests were conducted to evaluate the effect of moisture conditions as moisture 
is an essential component in the carbonation process. In addition, these experiments were aimed at 
determining if there is any optimum moisture content for maximum amount of carbonation to occur 
in BOF slag. Since, the landfill covers predominantly remain under unsaturated conditions most of 
its lifetime, the water content range is selected such that lower limit is zero and the higher limit is the 
water holding capacity of the material. Also, all the tests were conducted under atmospheric 
temperature and pressure. 
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The BOF slag sample was dried at 100-110°C for 24 hours before it was used to conduct batch tests. 
The batch tests were conducted at 0%, 10%, 20%, 30% and 40% moisture content. To obtain the 
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required water content, 1 g of the dried sample was mixed with Og, 0.1g, 0.2g, 0.3g and 0.4g of 
distilled water separately and transferred to five separate 125 ml glass vials. Each vial was then purged 
completely with a synthetic landfill gas mix containing 50% CH; and 50% CO2 by volume and closed 
with rubber septa and secured tightly with a metal crimp cap. For each of the water contents evaluated, 
the tests were conducted in triplicates. The samples were shaken vigorously before sampling the gas 
from their headspace. Gas samples were taken and analyzed using a gas chromatograph (SRI 9300 
GC) equipped with a thermal conductivity detector (TCD) and CTR-1 column capable of separating 
N2 and O2 for simultaneous analysis of CO2, CH4, O2 and N2. Each 1ml of gas sample withdrawn 
from the vial was then reduced to 0.5ml sample volume before injection into the GC. This ensured 
the sample volume was within the acceptable limit for the GC and in equilibrium with the atmospheric 
pressure. A 3-point calibration curve was constructed for the GC using standard gas mixtures of 5%, 
25%, and 50% methane. 


2.3 Column Experiments 

After the batch tests, long term column experiments were conducted to study the cumulative 
carbonation (CO2 uptake) capacity of the BOF slag with continuous flow of the synthetic landfill gas 
(50% CHg and 50% CO2) through the BOF slag packed in a small glass column with inlet and outlet 
ports. A schematic of the column experimental setup is shown in Figure 2. 
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Figure 2: Schematic of Column Experimental Test Setup 


An acrylic glass column of 30 cm height and 2.5 cm inner diameter was used. The column was filled 
with the BOF slag at 10% moisture up to its full length in two layers of 15 cm each with light tamping. 
It was secured with bed support mesh screen, end connections and screw caps at both ends. PTFE 
tubing was used to connect all components in the setup. Flow meters were installed at both ends of 
the column to control the influent gas flow rates and monitor the effluent flow rates. Gas samples 
were collected from both influent and effluent sampling ports at different time intervals until the 
breakthrough condition (where the inlet and outlet concentration of the gas becomes equal) was 
established. 


3. RESULTS AND DISCUSSION 
3.1 Composition and Properties of BOF Slag 


The chemical, physical and geotechnical properties of the BOF slag are favorable for its use in a 
landfill cover. The hydraulic conductivity of the BOF slag is in the order of 10% cm/s which is 
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comparable with the hydraulic conductivity of biochar (10% cm/s). Due to the high hydraulic 
conductivity, the BOF slag and the biochar materials tested may not qualify as a barrier material. 
However, these materials could be used as individual thin layers in the cover soil or mixed with the 
cover soil for use in the landfill cover system. One of the characteristics that is unique to BOF slag is 
its high pH. The results from TCLP and SPLP confirmed that BOF slag is not a material of concern 
from the environmental risk standpoint as the results were found to be well within the regulatory 
limits (Table 1). Hence, the BOF slag is not hazardous and can be used as a cover material in landfills. 
The water holding capacity of BOF slag (40%) was comparable to that of the typical cover soil 
material (46%) indicating that the impacts of evaporative losses from landfill cover soils (such as 
desiccation cracking) could be minimum. BOF slag will not cause an additional odor since it does not 
contain any biodegradable material or sulfur and is characteristically odorless. Malasavage et al. 
(2012) conducted isotropically consolidated undrained triaxial shear tests on steel slag fines and 
reported a friction angle of 45.7° and cohesion of 48 kPa, while studying its geotechnical performance 
as synthetic fill materials. These high shear strength parameters of steel slag can as well enhance 
slope stability of a landfill cover. Additionally, the high specific gravity of BOF slag could also act 
as a factor that enhances the slope stability and reduces loss of material due to erosion. 


3.2 Effect of Moisture Content on Carbonation of BOF Slag 

Most of the previous studies that discuss the use of BOF slag for CO2 sequestration focus on its 
industrial applications and involves carbonation of BOF slag under slurry conditions. This condition 
rarely exists in a landfill cover. The batch tests conducted at low moisture contents below saturation 
levels showed that substantial carbonation does takes place at moisture levels below saturation water 
content (Figure 3). 
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Figure 3: Carbon Dioxide uptake by BOF Slag for Different Initial Moisture Contents 


The results from the batch tests showed carbonation in the range of 53-68 mg of CO2 per gram of 
BOF slag in 24 hours, with the maximum uptake of 68 mg/g. Figure 3a shows that the amount of 
COz sequestered increased with time. However, the CO2 uptake curve shows two distinct regions 
with different slopes indicating an initial rapid carbonation for a short period of time. The initial rapid 
carbonation could be due to the readily available free-lime and portlandite (Ca(OH)2) in fine particles. 
The region of slow rate of carbonation for the rest of the time period could be from the lime diffusing 
out of larger particles. It could also be attributed to the limited access of CO2 to the minerals due to 
the formation of carbonate precipitates over the mineral surface. A negligible amount of carbonation 
was observed in the absence of water as shown in Figure 3b. In addition, it was observed that there 
was no specific trend in the CO2 sequestration with the moisture content and the CO2 uptake was 
rather high and similar for all the moisture contents tested. This indicates that even moisture content 
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as low as 10% could lead to substantial carbonation and is not significantly affected by the amount 
of moisture available in the system. 


3.3 Gas Transport and CO2 Uptake Capacity of BOF Slag 

The breakthrough curve for CO2 uptake with respect to time and pore volume of simulated LFG is 
shown in Figure 4. The breakthrough was obtained between 800-1,500 min and Cou > Cin was 
achieved after 18,000 min. The cumulative uptake of CO2 in the column test after 24 hours was in the 
same range as that of the 24 hour uptake in batch tests (see Figure 5). The breakthrough curve was 
also plotted with respect to pore volume of gas for better understanding of CO2 uptake in a large scale 
application. Accordingly, the breakthrough curve was obtained between 100-350 pore volumes (PV) 
of simulated LFG and the equilibrium was achieved at around 1,900 PV of gas. For the initial 100 
PV the CO2 was completely removed by the BOF slag. The breakthrough was achieved at around 100 
PV after which the CO2 uptake diminished rapidly, until a plateau was achieved at 350 PV where 
Cour/Cin was around 0.81. The curve maintained this ratio until there was no more uptake after 1,800 
PV of CO2 flow through the system. 


The initial reaction is attributed to the chemical reaction between the available free-lime and 
Portlandite in the material (which was ~4% and 6.5% respectively, see Table 2) with the CO2 in the 
presence of moisture. After the exhaustion of the free lime, the reaction with other minerals such as 
calcium silicates (Ca2S104) could have been the source of continued uptake until the breakthrough. 
The adsorption and reaction with the interstitial minerals and other less reactive oxides and silicates 
that release calcium and/or portlandite could have led to the decent in the further reaction with CO2 
thus leading to the completion of the breakthrough curve. The lower reaction rates could also be 
attributed to the exhaustion of the limited moisture available in the system which was not replenished. 
Moisture plays a vital role in the carbonation reaction. It helps in dissolution of gas as well as 
interstitial CaO. Hence, the availability of persistent moisture on an actual landfill site could have 
higher capacity to capture more CO during its lifetime. Also, the spreading of BOF slag over a larger 
area could generate more surface area allowing more interaction between gas and moisture leading 
to higher CO2 sequestration. 


In addition, a crust of carbonate precipitates was observed around the BOF slag material inside the 
glass column surface during the experiments which almost certainly limited mass transfer and 
reaction rates. 


127 1.2 
ae ° wÈ 1 PV = 82.4 ml ° 
E 8 o m 8 o 
H e e e = e e e 
a wat. BEA! 
BE 3 0.8 F 3 
Oe oe e H ° 
E og” * Pae - eg’ Veae 
c H e = H o 
Se Q 0.6 fF 
o o E 
04 F : 04 F : 
0.2 E 0.2 E 
0.0 Emma (EEN L N 1 1 iil L Lit E LIPo © eb "ennad to Lill Lobia 
1e+0 1e+1 1e+2_ 1e+3 1e+4 1e+5 e40 1e+1 16+2 1e+3 1e+4 
Time (min) Pore Volumes 
(a) (b) 


Figure 4: Breakthrough Curve of Carbon Dioxide in Small Column Experiment with respect 
to (a) Time and (b) Pore Volumes 
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Figure 5: Cumulative Uptake of Carbon Dioxide in Small Column Experiment with respect to 
(a) Time and (b) Pore Volumes 


4. SUMMARY AND CONCLUSIONS 


BOF slag has been extensively investigated for its potential use in different civil and environmental 
applications with the aim of preserving the natural resources and aim of mitigating the global CO2 
emissions (Motz and Geiseler, 2001) These studies have been useful in reducing the use of natural 
resources by replacing it with steel slag in various forms, alleviating the amount of steel slag 
stockpiling at the steel plants. There have been recent efforts at the potential use of steel slag in 
landfills, but as a drainage material in the landfill covers. This study explores the use of BOF slag to 
mitigate the CO2 emissions from MSW landfills by leveraging the mineral carbonation process of 
BOF slag. In this regard, a series of batch tests were conducted to evaluate the amount of CO2 that 
can be sequestered by the BOF slag. Furthermore, the carbonation and CO2 sequestration under 
varying moisture contents was conducted to evaluate the effect of moisture content on the carbonation 
capacity of the BOF slag. Small column experiments simulating the flow of landfill gas through BOF 
slag were conducted with the optimum moisture content as derived from the batch test results. 


Following conclusions could be drawn from this study. 


e The BOF slag was found to have characteristics suitable for its use in a landfill cover based on 
the physical, chemical and technical characterization performed. The BOF slag used was 
classified as non-hazardous based on the TCLP and SPLP test results. 


e The results from the batch tests showed that the carbonation capacity (CO2 uptake) of the BOF 
slag was about 68 mg/g within 24 hours. It was also observed that, for the range of moisture 
content tested, the CO2 uptake in 24 hours from the batch tests was comparable to the cumulative 
uptake of CO2 in column test. 


e The cumulative uptake of CO2 from the column experiments is a conservative estimate since 
there was an exhaustion of the moisture available in the system for carbonation reaction over the 
course of the column test. The limited moisture availability in a continuous gas flow system could 
hinder the maximum possible carbonation of the BOF slag used in the column. 


e Further studies are being performed to analyze the carbonation mechanism and evaluate the 
effects of various system parameters on carbonation capacity of BOF slag, including field landfill 
gas flow and environmental conditions. 
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Abstract 

CRT monitors are evacuated glass envelopes containing an electron gun and a fluorescent screen and 
when they are dismantled, glass is separated into: (a) nonhazardous panel and (b) funnel with lead 
(Pb). The utilization of cathode-ray tube funnel glass has been promoted as a substitute for sand, 
while recent studies were focused on the mechanical and durability properties of concrete containing 
such glass as aggregate. Future products such as precast concrete structural interlocking blocks could 
contain cathode-ray tube funnel glass aggregate and in case their lead content is high, then they could 
be classified as hazardous waste. 


The aim of the present manuscript was to review the methods of cathode-ray tube glass recycling and 
to evaluate the potential risks for the utilization of funnel glass in interlocking concrete blocks. The 
critical evaluation of published literature data will help the development of new product methods 
through recycling. 


Keywords: cathode-ray tube; funnel glass; waste recycling; concrete block 
1. INTORDUCTION 


Electrical and electronic equipment (EEE) falling within the scope of the Waste from Electrical and 
Electronic Equipment (WEEE) Directive was currently classified under 10 “product - oriented” 
categories (European Commission, 2017): 1) large household appliances, 2) small household 
appliances, 3) Information Technology (IT) and telecommunications equipment, 4) consumer 
equipment, 5) lighting equipment, 6) electrical and electronic tools, 7) toys, leisure and sports 
equipment, 8) medical devices, 9) monitoring and control instruments, 10) automatic dispensers. 
From 15 August 2018, EEE will be classified under 6 “collection - oriented” categories (European 
Commission, 2017): 1) temperature exchange equipment; 2) screens, monitors and equipment 
containing screens with a surface greater than 100 cm’; 3) lamps; 4) large equipment (any external 
dimension greater than 50 cm); 5) small equipment (no external dimension greater than 50cm); 6) 
small IT and telecommunications equipment (no external dimension greater than 50cm). Old monitors 
will belong to “collection - oriented” category 2 from 15 August 2018, as has already been mentioned 
above. 


The sections from CRTs were characterized by the neck, the funnel, and the face panel, as shown in 
Figure 1 (Musson et al., 2000). 
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Electron Gun Frit Seal 


ace 
Funnel Panel 


Phosphor 
Figure 1. Funnel and other parts of a CRT (Mousson et al., 2000). 
The most significant quantities of lead were obtained from the funnel portion of the CRTs at an 


average lead concentration of 75.3 mg/L, while the major source of lead in the funnel was the frit seal 
of color CRTs (Table 1). 


Table 1. Lead content in various CRT glass components by mass (Microelectronics and 
Computer Technology Corporation, 1994, Musson et al., 2000). 


Glass | Color CRT Monochrome Glass | Color CRT (%) Monochrome 
(%) CRT (%) CRT (%) 
Panel 0-3 0-3 Neck 30 30 
Funnel 24 4 Frit 70 N/A 


Leaded glass was used in cement mortar by using recycled beverage and CRT funnel glass as fine 
aggregate in dry-mixed concrete paving blocks (Ling and Poon, 2014; Yu et al., 2016; Lee et al., 
2012; Ling and Poon, 2012a; Sikora et al., 2015). Some of the advantages of using large precast 
concrete block systems for retaining structures included (Elite precast concrete limited, 2017): (a) 
relatively low cost, (b) simple and quick to build, while dry laid ensured that structure could be loaded 
without waiting for concrete/mortar to set, (c) durable with low on-going maintenance costs and (d) 
re-usable structures that could be readily dismantled and reused elsewhere. Different organisations 
could be responsible for the design, manufacture, installation and maintenance of the retaining wall, 
such as (Elite precast concrete limited, 2017): (i) design — professionally qualified civil, structural or 
geotechnical engineer, (ii) third- party engineer to perform a design check, especially for road and 
rail infrastructure projects, (iii) a precast concrete manufacturer, (iv) a civil/building contractor or 
specialist earthworks sub-contractor and (v) an owner/operator of the infrastructure or storage facility. 
Walls formed from interlocking concrete blocks were, defined in BS 8002:2015 as gravity walls (Elite 
precast concrete limited, 2017): “Gravity retaining walls are earth retaining structures that depend 
primarily on their own self-weight (and that of any enclosed material) to support the retained ground 
and any structures or loads placed upon it”. 


From the other hand, precast concrete structural interlocking blocks that were imported from 
Netherlands to UK, contained high lead concentration, and in accordance with Parker (2014), that 
recycled glass aggregate had to be reclassified as hazardous waste. The suspect blocks had come into 
the UK from 2010 to 2014, and the Environment Agency stated that the producer had failed to provide 
evidence that it complied with environmental protection regulations. The producer had to demonstrate 
that the “processed substance” could be used in the same way as a non-waste, and could be stored 
and used with no worse environmental effects. Reclassifying the giant Legioblocks, which were dry- 


403 


Solid waste management 


stacked to form retaining walls, storage bays and firewalls, would had serious implications for those 
who had purchased them in good faith. 


The aim of the present manuscript was to review the methods of cathode-ray tube glass recycling and 
to evaluate the potential risks for the utilization of funnel glass in interlocking concrete blocks. The 
critical evaluation of published literature data will help the development of new product methods 
through recycling. 


2. METHODS AND MATERIALS 


2.1 Utilization of CRT funnel glass 

Cathode ray tube (CRT) funnel glass had been used for monitor displays for decades. It was classified 
as hazardous waste, which could not have been buried without treatment of contained lead (Lv et al., 
2016). From the other hand, using recycled cathode ray tube funnel glass as a substitute for sand 
contributed to both reducing natural aggregate consumption and CRT funnel glass disposing (Liu et 
al., 2017). 


Various studies had been carried out to solve the discarded CRT waste problem, particularly with 
methods to reuse leaded funnel glass as it contained a large amount of lead (Table 2). 


Table 2. Studies for solving the CRT waste problem. 


No | Recycled materials Utilized as... Final product Source 
1 CRT funnel glass Substitute for sand | Concrete structures [1] 
2 CRT funnel glass and recycled | Fine aggregate Cement mortar [2-6] 
beverage 
2 Recycled glass from CRT Fine aggregate Dry-mixed concrete paving [7] 
blocks 
CRT funnel glass Raw material Crystal [3] 
4 CRT funnel glass Processed Precast concrete structural [8] 
substance interlocking blocks 
5 Waste lead glass Wollastonite Wollastonite [9] 
synthesis 


[1]: Liu et al., 2017; [2]: Ling and Poon, 2014; [3]: Yu et al., 2016; [4]: Lee et al., 2012; [5]: Ling and Poon, 2012a; [6] 
Sikora et al., 2015; [7]: Ling and Poon, 2014; [8]: Parker, 2014; [9]: Erzat and Zhang, 2014. 


Laboratory of Heat Transfer and Environmental Engineering (LHTEE), Mechanical Engineering 
Department, Aristotle University Thessaloniki, Greece, presented the benefits from using CRT glass 
in the ceramic industry (LIFE-CLAYGLASS) (Malamakis et al., 2016). The main objective of the 
project was to reduce the environmental impact in the structural ceramic industry by including CRT 
glass, as a flux, in the ceramic mass. During the industrial pilot test, six (6) different clay mixtures 
were used. Two different clay types, namely Segovia and Blanca, with two different CRT glass types 
(funnel and panel) and two possible glass percentages (5% and 10%). For each combination of clay 
and glass, 300 thousand bricks were produced in the industrial gas-fired oven of MORA, which was 
a brick manufacture with more than 50 years on the ceramic industry. The number was selected to 
produce one full batch of each type (Laboratory of Heat Transfer and Environmental Engineering, 
2017). In the frame of LIFE-CLAYGLASS, a new stoneware production using recycled glass 
demonstrated which leaded to (Malamakis et al., 2016): (a) the commercial use of difficult-to-recycle 
glass that was land-filled, (b) reduced demand for natural resources in clay tile production, (c) energy 
savings of 10-15%, (d) a reduction of about 2,000 t of CO2 emissions per year for a medium-size 
factory (brick production capacity of 300 t per day), (e) a reduction in the cost of producing clay tiles. 
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2.2 Precast concrete structural interlocking blocks 

An example of precast concrete structural interlocking blocks was given by Elite precast concrete 
limited (2017), but without the use of CRT funnel glass (Figure 2). The design shear resistance, Ra, 
was calculated taking account the vertical design action, Va, and the angle of interface friction, 5. At 
the interface between the base and the bottom layer of blocks, there were no interlocking ‘nibs’, so ò 
was based upon the friction angle between two concrete surfaces, þ; conc. For the block-block 
interfaces, the effect of the interlocking nibs was to increase the shear resistance. This might be 
expressed in terms of an enhanced friction angle along a smooth horizontal surface, o; interlock. 
However, the interlocking shear resistance was limited to a maximum value, Ra; Max, based upon 
the characteristic shear strength of the concrete and the size and number of interlocking nib elements. 
The base layer shear resistance and the base layer shear resistance were given by equations (1) and 


(2). 


Ra - base = Va - base. x tan b conc;d: (1) 
Ra — Layer n = (Va — layer n. x tan interlock ;d ) < Ra; Max (2) 


(b) (c) 
Figure 2. Standard block: (a) dimensions (mm), (b) sliding resistance, and (c) wall constructed 
with inclined front face (Elite precast concrete limited, 2017). 


2.3 Use of CRT funnel glass in concrete blocks 

In 2008, in collaboration with the Hong Kong Polytechnic University, the Environmental Protection 
Department (EPD) developed a recycling process for CRT recycling. Treated Funnel Glass (TFG) 
rendered as non-hazardous material according to the Toxicity Characteristic Leaching Procedure 
(TCLP) test results after an acid washing process [Nitric Acid 5% (w/w) solution to extract lead from 
the crushed glass surface for 3h], soaking tap water and rinsing (to remove the remaining acid)] (Ling 
and Poon, 2012b). 


Ling and Poon (2014) studied the use of CRT funnel glass in concrete blocks prepared with different 
aggregate-to-cement (A/C) ratios. Their experimental results showed that due to the impermeable 
nature of TFG, the produced concrete blocks were more resistant to water penetration and had lower 
drying shrinkage. Based on the findings, they concluded that it was possible to utilize high 
percentages of TFG in concrete blocks if a proper A/C ratio and appropriate casting method were 
used. CRT funnel glass had been studied as a replacement for natural sand as fine aggregate in mortar 
or concrete by many researchers (Ling and Poon, 2012c, 2012b, 2013; Kim et al., 2009). Zhao et al. 
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(2013a) reported that the replacement of sand with CRT funnel glass had a positive effect on the 
fluidity of mortar, which was attributed to the smooth surface and low water absorption of CRT glass. 
On the contrary, Sua-iam and Makul (2013) found that the flowability of mortar decreased with the 
replacement ratio of CRT glass, which was associated with the poor geometry of CRT glass particles. 


Ling and Poon (2011, 2012a) carried out experimental studies to demonstrate that it was feasible to 
use TFG (100%) as a fine aggregate to replace natural river sand to produce cement, mortar and 
concrete. However, the design concept to manufacture a dry mixed concrete block was in contrast to 
conventional wet-mixed concrete, which mainly adopted a low water-to-cement ratio and high 
compaction method. Therefore, it was expected that the change of these parameters could have a 
significant influence on the properties of concrete, particularly alkali-silica reaction (ASR) behavior 
and the potential risk of lead (Pb) leaching. No study has been done on the feasible use of TFG in 
dry-mixed concrete blocks, which were produced with very different aggregate-to-cement ratios and 
casting methods. Ling and Poon (2014) presented the work flow of recycling the TFG in pre-cast 
concrete blocks and the testing methods used to identify applicability, quality of product and impact 


on the environment (Figure 3). 
Compression 
moulding 


Hardened properties | Leachability of lead Shielding properties Durability 


Water absorption | Density | | Compressive strength | | Shrinkage | | ASR expansion | 


Figure 3. Work flow for moulded concrete block and testing methods (Ling and Poon, 2014). 


In 2016, Meng et al. studied a variety of new methods in laboratory. They introduced several 
advanced methods such as high temperature separation and hydrometallurgical leaching. Bursi et al. 
(2017) found that chemical pretreatment was necessary for use of CRT glass in cementitious 
composites. Aim of their work was to investigate the effect of a mild chelating agent treatment based 
on nitrilotriacetic acid (NTA) on the reactivity of funnel glass to be used in cement mortars as 
supplementary cementing material (SCM) and as fine aggregate. 


Yu et al. (2016) showed that crystal could be made from waste CRT funnel glass. The lead quantity 
in waste CRT glass and in lead crystal glass (PbO = 24%) were almost the same, therefore, it was 
found a way to use of waste CRT funnel glass as the raw material of crystal products. In the process 
of producing crystal, the addition of lead oxide took place to increase the product material properties. 
The production of one ton of crystal glass products could reduce the use of 0.2 tons of lead oxide by 
using funnel glass. 


3. RESULTS 


The results of the chemical analyses from the literature review were the following (Table 3): 


e A higher percentage of CRT glass (up to 100%) could be incorporated in the blocks if alternate 
block forming and compaction methods were used to reduce the fragmentation of the incorporated 
CRT glass. The experiment showed that the material was not dangerous (No. of test 1, Table 3). 
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The addition of limestone powder in the CRT waste glass reduced Pb immobilization. TCLP test 
results were below the US EPA Pb limit of 5 mg/L. The experiment showed that the material was 
not dangerous (No. of test 2, Table 3). 


The Synthetic Precipitation Leaching Procedure (SPLP) analysis was used. A cross-linked 
biopolymer had a large impact on reducing the amount of lead that leached from the samples and 
ultimately yielded results in which up to 20% CRT can be substituted into the concrete and still 
be below the drinking water limits. The experiment showed that the material was not dangerous 
(No. of test 3, Table 3). 


Incorporating CRT glass in cement mortar successfully prevented the leaching of lead. Mortar 
mixes contained 0 - 100% of CRT glass, with a step change of 25%. The experiment showed that 
the material was not dangerous (No. of test 4, Table 3). 


Funnel glass were heated to 1,480 oC in an electric furnace for 1.5 h at a heating rate of 5 oC/min 
to produce cement clinker. The samples contained 10 -50 wt % of CRT funnel glass ground to 
less than 75 mm (No. of test 5, Table 3). 


Six mortar mixes were analyzed, which used from 0% to 100% CRT glass for replacing river 
sand. Also, fly ash (F) and ground granulated blast-furnace slag (GGBFS) were used as a mineral 
admixture (No. of test 6, Table 3). 


Table 3. The results of the chemical analyses from the literature review. 


No. of test % of CRT | Leaching Treated funnel glass | Results Source 
funnel Procedure with... 
glass 
1. Dry-mixed | 25% < TCLP Acid Nonhazardous [1] 
concrete paving material 
blocks 
2. Concrete 40% < TCLP Limestone powder | Nonhazardous [2] 
(5, 10 and 15% by | material 
weight) 
3. Concrete 20% < SPLP, EPA | Biopolymers Nonhazardous [3-4] 
Method 1312 material 
4. Cement mortar 0 - 100% TCLP Acid Nonhazardous [5] 
material 
5. Cement clinker 10 - 50% X-ray Samples of cement | Maximum [6] 
techniques raw material were | PbO 
heated to 1480 °C in | encapsulation 
an electric furnace in 10% funnel 
6. Use in the mortar | CRT glass | - CRT glass was | Mortar with [7] 
as natural river sand | as fine utilized to replace | larger ASR 
fine aggregate | aggregate river sand as fine | expansion 
replacement with aggregates in the | values than 
natural mortar that of river 
river sand sand 


[1]: Ling and Poon, 2014; [2]: Sua-iam and Makul, 2013; [3]: Romero et al., 2013; [4]: USEPA, 1994; 


[5]: Ling and Poon, 2011; [6]: Lairaksa et al., 2013; [7]: Hui and Sun, 2011. 


4. CONCLUSIONS 


In the case of concrete with the same A/C ratio, the water absorption shrinkage values decreased with 
the incorporation of TFG due to the near-zero porosity of TFG aggregate. The lead leaching behaviour 
of concrete blocks was greatly affected by the TFG content, A/C ratio and casting method. Decreasing 
the A/C ratio (with a higher cement content) maintained a high alkaline environment and a strong 
cement matrix to stabilize and solidify the TFG in the concrete blocks. In addition, using mechanical 
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compression only (without vigorous manual compaction) minimized the fragmentation of the TFG 
and hence reduced the risk of lead leaching from the broken TFG. Thus, the research results showed 
that it was feasible to utilize a high percentage of TFG in concrete blocks if a proper A/C ratio and 
appropriate casting method were used. 


Pretreatment methods could effectively improve the lead leaching effect from the glass, but they had 
their disadvantages. The consumption of alkali, energy and operation costs were high. In the case of 
chemical pretreatment of funnel glass, the NTA treated glass became less soluble because of Pb 
depletion and the risk of pollution from leaching was reduced. Even though the NTA treatment 
decreased the pozzolanic activity of the glass, making it a filler material rather than SCM, NTA 
treatment allowed its use as fine aggregate in substitution of natural sand suppressing ASR reactions. 
Thus, this application was environmentally preferred since it reduced the costs of strong milling 
process. 


The densities of concrete blocks made with TFG were higher than those of traditional control blocks, 
making it suitable for use as a shielding material for medical and diagnostic room construction as it 
was shown in the x-ray shielding experiment. 


Finally, the recycling of CRT funnel glass seemed that had interest for many researchers; their results 
by various analyses showed that funnel glass could be characterized as nonhazardous material and 
that it could be utilized to produce dry-mixed concrete paving blocks, cement mortar and clinker. The 
only case, where negative comments were reported, it was the case where unknown composition of 
processed substance from CRT funnel glass, was utilized in interlocking concerned blocks. 


As far as the possibility of utilizing CRT in dry-mixed concrete paving blocks in Greece, essays with 
known CRT funnel glass composition should be prepared, and then leaching procedures should be 
applied to assess their lead (Pb) leachability. 
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Acronyms 

A/C: Aggregate-to-Cement ratio 

ASR: Alkali-Silica Reaction 

ASTM: American Society for Testing & Materials 
C&D: Construction and Demolition 

CRT: Cathode Ray Tube 

EEE: Electrical and Electronic Equipment 

EPD: Environmental Protection Department 

IT: Information Technology 

NTA: Nitrilotriacetic Acid 

OPC: Ordinary Portland Cement 

RCA: Recycled Coarse Aggregate 

RFA: Recycled Fine Aggregate 

SCM: Supplementary Cementing Material 

TCLP: Toxicity Characteristic Leaching Procedure 
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TFG: Treated Funnel Glass 


WEEE: Waste from Electrical and Electronic Equipment 
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Abstract 

Nowadays sustainability is one of the most important subjects in the developing world. Thanks to 
sustainability, waste management also gains more importance. Waste management is composed of 
many sub-areas in which liquid, gas or solid wastes are treated. The waste category that will be studied 
in this paper is waste of electric and electronic equipment (WEEE) under solid wastes. Turkey is a 
country whose household appliances sector is outstandingly large. Furthermore, many small 
household appliances are thrown away or destroyed due to end of life or quality issues. Most of those 
wastes do not go through any treatment process even if Turkey has collection and recovery targets 
for all WEEE categories. As they are not properly treated, the process to destroy without reusing or 
recycling them causes environmental damage. 


The aim of this paper is to put forward a system dynamics model for increasing recovery options of 
waste of small household appliances in electric and electronic sector, which is not treated in an 
environmentally friendly way. The proposed model provides decrease in environmental damage. 


In this model, Anylogic program will be used for the simulation of the proposed system dynamics 
model. Different scenarios will be conducted to give recommendations on how the whole system 
works in the case of Turkey. 


Keywords: Waste management, System dynamics, WEEE, Sustainable supply chain management 
1. INTRODUCTION 


Waste management, which effects on sustainability in every aspect, is an important topic in the world. 
Sustainability can be taken into consideration in three main areas which include economic, social and 
environmental dimensions [Dyllick and Hockerts, 2002]. Waste management is particularly included 
in environmental sustainability. For pursuing a “sustainable” policy, each waste has an important 
topic to investigate and one of them is Waste of electric and electronic equipment (WEEE). As the 
number of households using electric and electronic equipment increases and technological 
improvements go further year by year, management of WEEE becomes more important. This 
equipment can be classified as large household appliances and small household appliances on which 
Turkey has recycling and recovery targets according to the WEEE Regulation which was published 
in 2008 (URL1). Furthermore, recovery and recycling targets are qualified based on the types of 
wastes which can be taken into consideration by collecting, economic and technical dimensions 
(Fischer, 2011). 

In Turkey, electric and electronic sector is sharply growing thanks to technological improvements 
and needs. Thus, environmental perspective is dependently changing since production and 
consumption of this equipment causes an increase in pollution and decrease in resources. To avoid 
these damages, Turkish government and enterprises in Turkey developed regulations to enable reuse 
or recycling of the electric and electronic equipment. One of those fields is white good sector 
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including small household appliances. There are humble eco-design efforts for small household 
appliances in Turkey however unless there is a strict waste management policy those efforts will not 
be sufficient. To have a holistic environmental sustainability, not only production process but also 
recovery processes for end-of-life products are important. This can be perceived as a whole system 
or process because in the whole system, each detail matters from suppliers to the recycling facility. 
[Jie and Buekens, 2014]. 


The aim of the study is to recommend a system dynamics model for minimizing wastes of small 
household appliances in Turkey and maximizing recovery applications instead of disposing them. 
The study will also help to understand how environmental sustainability concept works in Turkey. 
There exists a lot of studies about wastes of electric and electronic equipment in Turkey but there are 
not many especially focusing on waste management of small household appliances by using a system 
dynamic model. 


The study includes four main parts: introduction, background, methodology and modeling which 
includes system dynamics and waste management of small household appliances’ model, and finally 
conclusion and future studies. 


2. BACKGROUND 


Building a system for waste management is seen as one of the most crucial parts in terms of 
environmental waste management. A waste management system mainly describes the management 
of all tasks including responsibilities, routines, actions, measures and resources building a system 
which intends to manage wastes and abides by regulations. Besides, waste management is an 
important part in terms of economy and society. All countries, which are currently developing or 
developed, produce many types of wastes. 


Furthermore, choosing the option between reusing, recycling and waste energy utilization, collection 
and processing without discounting the lowest total (social) cost and deciding the value obtained by 
selling the collected materials, will be of social benefit. [Inghels et al., 2011]. Effective solid waste 
management systems, which must be sustainable in nature and economics, are needed to provide 
better human health and safety [Saxena et al, 2010]. 


The amount of wastes has been increasing because of growing population and increasing needs for 
raw materials in a range including usual wastes and wastes of electric and electronic equipment 
(WEEE) [Takiguchi, 2016]. WEEE can be defined as an electrically operated device that no longer 
satisfies the user or manufacturer for a specific purpose. (Sinha-Khetriwal et al, 2005). If WEEE is 
mismanaged; these wastes can clearly affect the environment and the human health. Environmental 
regulatory agencies; electronic equipment manufacturers, retailers and non-governmental 
organizations are quite concerned with the updated statistical data to which WEEE is produced, 
stored, recycled, or discarded [Jang, 2010]. With the rapid development and use of electronic devices, 
the WEEE problem is growing rapidly in all countries. WEEE wastes appear many times in 
developing or emerging countries which cannot have any important infrastructure to manage WEEE 
problems. [Safdar et al., 2015]. On the other hand, in developed countries, for example in EU 
countries, it is expected that the EU will reduce its long-term differences in the level of recycling by 
linking its minimum recycling targets. In the last 15 years, the EU Member States have been able to 
change their perception of waste management. In the mid-1990s, EU member states have been able 
to gain more wastes and recycled them. They have made a very good start, although they need to do 
more things [Fischer, 2011]. In addition to developed countries, not only managing WEEE or 
associated researches but also legal arrangements have sped up in recent years with its conduction by 
Special Wastes Management Department at Waste Management Department. Collection of e-waste 
in Turkey, transports, recoveries are carried out by companies which the Ministry of Environment 
and Urbanization approves. When the E-device category and tags are placed; compliance documents 
are also given for collection, separation and reusing by the same Ministry [Oztiirk, 2015]. 
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There are many models to suggest new options of how to manage wastes. One of them is system 
dynamics modeling. 


3. METHODOLOGY AND MODELLING 


3.1 System dynamics 

As a definition, system dynamics makes possible to understand and improve system thinking and 
operations management systems. After all, as a first step, we have to deal with the real world in many 
steps. It is possible to define system dynamics by better understanding equations of a model, 
simulation to understand dynamic behaviors, evaluation of other alternatives, selection and 
implementation of a better method. [Forrester, 1994] In this case, Al-Khatib et al. (2016) suggested 
a more understandable and sophisticated simulation method for hospital waste management by using 
system dynamics model. Also, Lee et al. (2015) proposed a system dynamics approach based on 
functional dynamics to evaluate product-service systems. In the production area, system dynamics is 
again used by Greasley (2005) to provide a discrete-event simulation method. Botha et al.(2017), 
used system dynamics modeling to compare three inventory management methods for theoretical and 
actual, daily data set by comparing the parameters of stock target settings. 


System dynamics model is not only used in production field. For example, in financial field, Nair and 
Rodrigues (2013) explained financial parameters during production expansion by using system 
dynamics. . On the other hand, in management area, Barnabè (2011) suggested a balanced scorecard 
method based on system dynamics to evaluate strategic decision making. In education field, 
Pedamallu (?) applied a system dynamics model to evaluate educational infrastructure based on the 
quality of primary school of a developing country. As well, in health area, Devi et al. (2010) studied 
system dynamics modeling for the waiting list of corneal transplants patients. 


Aside from many areas, also about WEEE, system dynamics models can be proposed. For example, 
Ghisolfi et al. (2016) presented a system dynamics model to investigate legal bargaining power and 
incentives for the waste pickers of desktops and laptops measured by the volume of wastes. 


Furthermore, to mention Anylogic simulation program, it can be said that Anylogic is a simulation 
program used for mainly discrete event, agent-based simulation and system dynamics. Also, by the 
program, some graphs resulting from the simulation can be obtained (URL4). 


3.2 Model for the waste management of small household appliances 

In this study, recycling and recovery targets and total number of small household appliances in Turkey 
will be used. The proposed model, given in Figure 1, aims to increase recovery options for decreasing 
environmental damage by decreasing CO2 emission and increasing recovery options. The model runs 
without any error by using simulation software; Anylogic. According to GFK’s press release (URL2), 
the number of small household appliances sold out in Turkey is estimated to 17, 3 million (2017). 


The supply chain starts from suppliers, which provide raw materials for production. According to Lu 
(2011), a supply chain can basically be defined as a group of independent establishments which are 
connected to each other by products and services that are collectively adding value to transmit them 
for final consumer. In the model, three suppliers have been taken into consideration as representative. 
These three suppliers defined as stock variable, provide raw materials for production process. The 
production process which is in the model is hereby considered as a total amount of all small household 
appliances’ companies in Turkey. As there is noeffective and real data, system dynamics model has 
been constructed by using the total sold small household appliances in Turkey and 2018 target. 
Besides, after the main distributor, there are 3 sub-distributors to reach end consumers. End 
consumers are assumed to change their products intentionally or at the end of life cycle in the model. 
The used products are collected in general waste collection centers or municipality waste collection 
centers. For attracting wastes and increasing social benefit, municipalities can apply a campaign or 
inform public to create awareness. In this case, small household appliances are collected to be 
recycled, incinerated or be thrown away. 
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Figure 1: System dynamics model of small household appliances’ waste management in 
Turkey 


In Figure 2, the relationship between production and waste amount is given. The amount of 
production and waste is directly proportional. The decreasing point of production is explained as the 
raw material taken from suppliers is a dynamic variable. It seasonally changes according to the 
demand. Besides, as production increases, wastes also increase. Wastes thereby change and 
sometimes have different increasing and decreasing points. Model has been simulated for nearly 65 
years and the result is in Figure 2. 


Amount (million ton) 


0 20 40 60 60 100 


mm ‘Wastes m Production Amount 
Figure 2: The relationship between wastes and production amounts 


It is assumed that 50% of small household wastes in Turkey are going to be recycled by 2018 
according to the recycling target of small household appliances which was published in the Official 
Gazette of Turkey in 2012 (URL3). All assumptions are based on this official target. Hence, in this 
model, 50% of total expired, broke-down and intentionally changed products go into recycling 
process. The proposed model has two main recycling collections’ locations: a municipality collection 
center and a waste collection center. According to the official Gazette (2012), municipality collections 
have different targets from city to city. 


Municipalities can use a campaign to increase public awareness for bringing expired, break-down of 
changed small household appliances to municipalities’ recycling centers. In this model, it is used as 
a motivating and positive factor affecting municipality collection amounts. 
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Generally, all appliances are collected in waste collection centers in the model. The quantity of small 
household appliances gone into waste centers is assumed according to the target of 50% and 
proportionally, expired, broken or changed products are distributed accordingly. In Turkey, some 
electronic equipment companies have their own recycling centers. However, only one of these 
companies is put in the model as representative. Government or municipalities can sell the products 
to be recycled to electronic companies and these companies can use campaigns to attract appliances 
to their recycling centers. Companies can use these appliances in favor of their own companies or sell 
to public or governments after recycling or during recycling process. As indicated in the model, 
appliances recycled by government or companies can directly go into production processes. On the 
other hand, the rest of appliances which is not recycled, named as garbage, cannot be in the production 
process again. They can be incinerated or thrown away, not be reused. In this case, government and 
companies can make campaigns to create public awareness. In Turkey, some companies exchange 
old appliances with new ones, in order to recycle them. 


Furthermore, it is obtained that Incineration-Garbage rate decrease while recycling amount increases 
as given in Figure 3. This relationship shows that as the amount of small household appliances thrown 
away or incinerated decreases due to the campaign effects and awareness. 


In this model, there are three additional effects that are used. These effects are assumed constant 
numbers and while running the model, it is seen that they have a positive and enhancing effect on 
waste collection amount and recovery options. 


These effects can be explained as: 


1. Campaign Effect: This effect considers “bring the old one and take the new one” situation, which 
means consumers can pay a lower price for a new appliance. From the producers’ point of view, 
it means reaching governmental target by collecting appliances. 


2. Company Effect: This effect includes the governmental effect that provides the company, 
government support if they encourage recycling and recycling centers. 


3. Municipality Campaign Effect: Consumers sometimes do not prefer to bring their old small 
household appliances to companies or private recycling centers. In other words, they can bring 
their appliances to municipality recycling centers. Municipalities can provide public awareness 
by campaigns about environmental protection. 


In the model, carbon emission and social factor are also accounted. The carbon emission has been 
affiliated by the number of appliances brought to waste collection center. 


Garbage and Incineration rate over production 


0 5,000,000 10,000,000 15,000,000 20,000,000 


s+ Recycling and Incineration-Garbage 


Figure 3: Relationship between recycling and Incineration-Garbage Rate 
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4. CONCLUSION AND FUTURE STUDIES 


In this study, a system dynamics approach has been studied for small household appliances’ waste 
management in Turkey. The model was run by using Anylogic simulation program. The study mainly 
shows that the proposed model can support a more effective and enhanced view about small 
household appliances’ waste management. Developed and supported waste collection centers by 
municipalities, government or companies provide a more intensive and increased recovery option, 
while it decreases garbage and incineration rate. In the model, several factors have been considered 
in order that recycled products can be added to production line according to the target of Turkey. The 
real data of the proposed system is limitedly used, because of lack of data, but main future targets 
have been put in the model. The system dynamics model at this point suggests also that campaign 
effects and company effects are outstandingly important in order to bring wastes to waste centers and 
to inform public or increase public awareness about recycling. It has also been obtained that carbon 
emission decreases and social factor increases when the system works without any errors. The model 
also calculates how many of small household appliances in Turkey will be in process of recycling in 
order to reach the target of Turkey by 2018. 


For future studies, the real data should be used for all variables mentioned in the model and if the 
data of companies can be obtained, the model can be revised. 
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Abstract 

Municipal solid waste (MSW) landfills are one of the major and most preferred waste management 
options in the United States and many other countries across the globe. The waste in conventional 
MSW landfills undergoes very slow decomposition due to limited amount of moisture. In this regard, 
the bioreactor landfills have emerged as an effective waste management option, wherein leachate 
recirculation/injection is carried out to enhance the moisture levels within the waste thereby 
facilitating rapid waste decomposition and leading to early waste stabilization. However, in practice 
the performance of bioreactor landfills has remained inconclusive due to the lack of sound basis for 
effective design and operation of such landfills. This further stems from the fact that there is a limited 
understanding of the physical, chemical and biological processes and their coupled interactions on 
the MSW behavior in landfills. Hence, it becomes imperative to understand the influence of the 
coupled processes on the overall performance of bioreactor landfills. Several researchers have 
developed numerical models to simulate landfill systems but only a few models have considered the 
simultaneous interactions of hydraulic, mechanical, and biological processes in the landfill. In this 
study, newly developed numerical framework incorporating coupled thermo-hydro-bio-mechanical 
processes is presented. The numerical model has the ability to predict the spatial and temporal 
variation of waste temperatures, moisture distribution, gas generation, pore pressures, waste 
settlement, waste slope stability, and interface shear response in the landfill liner system. The 
numerical model has been validated with lab-scale and field-scale experiments and could be used to 
design and operate stable and effective bioreactor landfills. 


Keywords: Solid waste management; bioreactor landfills; leachate recirculation; coupled processes; 
numerical modeling 


1. INTRODUCTION 


Landfilling of municipal solid waste, although being the least preferred option, is the most dominant 
method of managing waste in U.S. and many other countries across the globe. In the light of steady 
increase in the population and rapid urbanization, the amount of waste produced is also increasing 
considerably. According to United States Environmental Protection Agency (USEPA), about 254 
million tons of MSW was produced in 2014 of which 136 million tons was landfilled (USEPA, 2016). 
The current practices for construction of traditional engineered landfills that just serve as waste 
containment systems are well established. This isolated system primarily contains the landfilled MSW 
in a relatively dry state and is designed with cover systems to prevent infiltration of water from the 
precipitation and with leachate collection and removal systems to remove any leachate accumulated 
over the bottom liner system. This in turn results in a very dry condition within MSW and 
consequently slow decomposition of the organic matter (biodegradable constituents) within the waste 
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due to the lack of adequate moisture. The slow decomposition of waste leads to several problems 
such as low gas generation rates, prolonged waste stabilization periods, increased post-closure 
monitoring requirements, increased leachate treatment and disposal costs, and a long-term liability of 
the land use with no beneficial purpose. 


In recent years the idea of bioreactor landfills has gained wide attention because of its numerous 
benefits that can lead to sustainable waste management. A schematic of the operation of bioreactor 
landfill is shown in Fig. 1. The bioreactor landfill uses the concept of an anaerobic digester, wherein 
the favorable conditions for rapid biodegradation of organic matter within the waste are maintained 
to accelerate the waste stabilization. In the field, these favorable conditions are achieved by 
recirculation of leachate and other permitted liquids along with supplemental nutrients and/or 
inoculum of microbes, thus enhancing the moisture levels essential for rapid waste decomposition. 
Thus, bioreactor landfills offer several benefits such as rapid waste decomposition, increased gas 
generation rates, high settlement rates and early waste stabilization. In addition, there are other 
secondary benefits such as reduced post-closure monitoring cost, reduced leachate treatment and 
disposal costs, and landfill space reclamation. Several laboratory studies and field-scale pilot tests 
have been performed confirming the enhanced decomposition of MSW with leachate recirculation 
into the waste mass. Although the leachate recirculation seems to be a viable concept, there are no 
established design practices for leachate recirculation, mainly due to the inherent heterogeneity and 
anisotropy associated with the MSW. Unlike conventional landfills where leachate generation is 
limited, bioreactor landfills operate on leachate recirculation and if the leachate levels and pore 
pressures induced by recirculation are not properly managed, it may cause instability in landfill. 


Leachate injection 


Leachate injection (wells) 


Biogas collecting 
and reclaiming 


Leachate collecting 


Biogas collecting 


Figure 1: Schematic of Bioreactor Landfill and its Fundamental Operations 


In this regard, several numerical modeling efforts were carried out, to investigate the effectiveness of 
different leachate recirculation systems (LRS) in various configurations for uniformly distributing 
the injected leachate while maintaining the stability of landfill slopes under pressurized leachate 
injections (see Reddy et al. 2017a). However, most of these studies neglected the effects of 
biodegradation and its consequent effects from settlement and gas generation on the fluid flow within 
the waste. The overall performance of a bioreactor landfill is influenced by several interdependent 
processes including the leachate flow and distribution, waste settlement due to the overburden stress 
and mass loss induced by waste decomposition, changes in the shear strength of the waste with 
degradation, and changes in temperature and heat generated from waste decomposition. Thus, there 
exists a complex system of simultaneously occurring and interdependent processes within the waste 
mass. There have also been several numerical investigations that looked at the coupled behavior of 
MSW accounting for the hydraulic, biochemical and mechanical behavior of MSW into a numerical 
model to simulate the coupled hydro-bio-mechanical response of MSW in landfills. But these models 
do not holistically assess the influence of the coupled processes on the performance of other 
engineered components of a landfill in terms of their stability and integrity within the landfill. In 
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addition, most of the studies did not account for the heat generation and thermal behavior within the 
landfill and furthermore, if they did incorporate the effects of heat generation on the transient 
temperature distribution its influence on the biodegradation of waste mass was not accounted. 


In this study a mathematical framework is formulated that can holistically assess the overall 
performance of the landfill by accounting for the interdependency of hydraulic (fluid flow and pore 
fluid pressure distribution), mechanical (stress and deformation, waste settlement and slope stability), 
biological (waste decomposition and gas generation) and thermal (heat generation and temperature 
distribution) processes within the MSW. A brief review of literature on the attempts to model MSW 
behavior in bioreactor landfills is presented and some of the major challenges associated with 
numerical modeling of MSW behavior in such landfills are presented. 


2. COUPLED PROCESSES IN MSW LANDFILLS 


Municipal solid waste is a highly heterogeneous porous media with its properties (physical, 
mechanical and biological) varying spatially across the landfill due to inherent differences in waste 
composition. In addition, the rapid decomposition of the waste under leachate recirculation further 
exacerbates the situation by causing temporal changes in the waste properties. Thus, the overall 
performance of a bioreactor landfill is dictated by the combined effect of several interdependent 
system processes including hydraulic, mechanical, biochemical and thermal processes. A detailed 
explanation of each of the system processes and their interactions with one another is explained in 
this section. A schematic of the major system processes and their interactions within the MSW 
landfills is shown in Fig. 2. 


Leachate Injection System 
Injection Pressures and Mode of 
Injection 


Hydraulic Processes 
Fluid How 
Moisture Distribution 
Pore Fluid Pressures 


Biodegradation Processes 
Biochemical Reactions 


Gas Generation 
Mass Loss 


Mechanical Modeling 
Effective Stresses 


Deformation 
Void Ratio/Porosity Changes 


Thermal Processes 
Heat Generation 
Temperature Distribution 


Figure 2: Major Processes and their Coupled Interactions in MSW Landfills 


The hydraulic processes within the bioreactor landfills include the fluid flow (leachate flow) and the 
resulting distribution of moisture and pore-fluid pressures (liquid and gas phase). Due to the relatively 
low moisture availability in the MSW pore spaces, the fluid flow is generally and suitably assumed 
to follow unsaturated fluid flow behavior. Moreover, the decomposition of waste generates landfill 
gas (predominantly methane and carbon dioxide) leading to the gas flow and development of pore 
gas pressures within the MSW pore space that can have a great influence on the transient leachate 
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flow and distribution. Thus, a two-phase flow (essentially a multi-phase flow) behavior can be used 
to adequately simulate the unsaturated fluid flow within the waste mass. 


The mechanical behavior of the waste is influenced by the overburden stress from the overlying waste 
layers and this differs spatially based on the landfill geometry and the spatially varying waste 
properties. The deformation and consequently the settlement of the waste is partially influenced by 
the mechanical properties of the waste (e.g. stiffness or modulus, strength parameters). However, the 
mechanical properties of the waste change temporally as the waste degrades and hence the settlement 
of the waste induced by overburden stress. In addition to this, a significant amount of the waste 
settlement is borne out of the mass loss (conversion of biodegradable solids to landfill gas) resulting 
from the periodic increase and decrease in void spaces within the waste. This contributes to the 
majority of the waste settlement in MSW landfills. 


The biochemical behavior of the waste is mainly dependent on the waste composition. Typically, 
most of the readily degradable matter is found to be cellulosic and hemi-cellulosic in nature and it 
contributes the most to the total landfill gas production. A majority of the biodegradation takes place 
anaerobically due to oxygen deprived conditions within the waste mass. The major biochemical 
reactions leading to the landfill gas production are hydrolysis involving the breakdown of higher 
molecular weight organic compounds to easily degradable monomers, followed by acid production 
(typically acetic acid) by microbially aided acidogenesis through fermentative bacteria, and finally 
the generation of methane by methanogenic bacteria. In all of this, the leachate chemistry and the 
biochemical reaction kinetics dictate the generation of landfill gas. Moreover, the biodegradation 
process is influenced by many factors including, temperature, pH, and moisture among others. 


The anaerobic biodegradation of organic matter in the MSW releases heat which influences the 
temperature within the waste mass. Furthermore, the resulting temperature in turn dictates the 
biodegradation of waste mass since the optimum degradation of waste occurs only at a certain 
temperature range. In addition, the overall spatial and temporal distributions of temperatures within 
the waste are influenced by the seasonal temperature changes as well. Thus, understanding the 
thermal behavior of MSW and incorporating its influence on the other system processes in a landfill 
plays a significant role in a better prediction of the overall performance of the landfill. 


Each of the above-mentioned processes occur and interact simultaneously influencing the overall 
behavior of MSW. For example, the fluid flow (leachate and gas) within the MSW is dictated by the 
porosity, available moisture and the permeability of waste for the fluids. However, the decomposition 
of waste that occurs simultaneously as the fluid flows through the MSW causes the mass loss resulting 
in changes in the void spaces (porosity) and in turn influences the fluid flow thereafter. In addition, 
the increase in the void spaces can cause the waste to settle under the overburden stresses causing 
changes in the pore fluid pressures. Furthermore, the changing void space (void ratio) alters the 
moisture availability in MSW across the landfill, consequently influencing the biodegradation rates 
of MSW at different locations in the landfill. The temperature dependent heat generation constantly 
influences the biodegradation of MSW and thereby the other processes impacted by the 
biodegradation of waste. It is quite evident that the landfill system is a unique and complex multiphase 
system with several processes occurring simultaneously in a coupled manner. It is of utmost 
importance to understand the individual system processes and their coupled interactions accurately 
to have a good prediction on the performance of a landfill system thereby enabling safe and effective 
construction and operation of bioreactor landfills. 


3. PREVIOUS INVESTIGATIONS ON BIOREACTOR LANDFILLS 


Over the past few years a comprehensive research has been performed at the University of Illinois at 
Chicago (UIC) on bioreactor landfills involving field investigations, laboratory tests on MSW 
samples and numerical modeling of MSW behavior based on the characteristics of MSW as observed 
from the experimental studies. A list of all the previous studies on bioreactor landfills performed at 
UIC is shown in Table 1. A thorough field investigation was performed to determine the variation of 
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in-situ moisture and density variation with depth and leachate injection were monitored to 
characterize the field waste. In addition, geophysical testing was performed to determine other 
dynamic and mechanical properties of waste. Several laboratory investigations were performed which 
involved testing of field MSW samples from a leachate recirculation landfill for their geotechnical 
properties such as the compressibility, shear strength, hydraulic conductivity, specific gravity, unit 
weight and other crucial properties. These properties were further evaluated at different stages of 
waste degradation to determine the effect of degradation on waste properties. In addition, biochemical 
testing was performed on the field MSW samples to determine the biochemical properties of MSW. 
All of the tests performed on field MSW samples were also performed on synthetic waste to have a 
control on the degradation and thereby evaluate the variation in waste properties with time. 


Table 1: Previous Research on Bioreactor Landfills at UIC 


Research Topic of the Study Reference 
Type 
In-situ properties of MSW at a leachate Grellier et al. (2006, 2007) 
recirculating landfill 
Field Geophysical testing for evaluating dynamic 
Investigation properties of MSW a DENE ALA aN) 
Field Monitoring and performance assessment of 
bioreactor landfill Reddycet a COU) 
Laboratory testing of geotechnical properties Soe ae as EA e); 
Laboratory (compressibility, shear strength, hydraulic eddy etalk ); 
Investigation conductivity, etc.) of field and synthetic waste Reddy et al. (2011); 
samples Reddy et al. (2015a) 
Settlement modeling Babu et al. (2010, 2011) 
Kulkarni and Reddy (2012); 
Modeling single phase (liquid) fluid flow in Reddy et al. (2013a,b); 
bioreactor landfills to evaluate the moisture Reddy et al. (2014); 
Numerical | distribution by different leachate injection systems Giri and Reddy (2014a); 
Modeling/ Reddy et al. (2015b,c) 
Simulation = ‘ fuse, fe Giri and Reddy (2014b,c); 
Slope stability under pressurized leachate injection Giri and Reddy (2015a) 
Modeling of coupled hydro-mechanical processes Giri and Reddy (2015d) 
Modeling of coupled hydro-bio-mechanical Reddy et al. (2017a,b); 
processes Reddy et al. (2018a,b) 


Numerical modeling techniques are a great tool in simulating the coupled processes within MSW. It 
has been extensively used in order to understand the behavior of MSW and the influence it has on the 
performance of different components of a landfill. It is quite essential to maintain the integrity and 
stability of landfill components such as the liner and cover systems along with the stability of landfill 
slopes for a holistic assessment of the performance of a landfill system. In the recent years, a 
progressive modeling effort has been laid on trying to accurately simulate the different processes and 
their interactions. Most of the initial numerical studies on bioreactor landfills performed in this regard 
neglected the combined effects of different processes and mainly focused on the hydraulic aspects of 
bioreactor landfills (e.g. moisture and pore pressure distribution). Some of the studies evaluated the 
effectiveness of different subsurface leachate recirculation systems (horizontal trenches, vertical 
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injection wells, drainage blankets) in uniformly distributing the injected leachate (Kulkarni and 
Reddy 2012; Reddy et al. 2013a,b; Reddy et al. 2014; Giri and Reddy 2014a; Reddy et al. 2015b,c). 
Thereafter, the study was focused on evaluating the stability of landfill slopes under different injection 
pressures or flow rates (Giri and Reddy 2014b,c; Giri and Reddy 2015a). Design recommendations 
were developed based on these investigations suggesting the safe injection pressures and setback 
distance for locating the injection system from the landfill slope that needs to be followed. 


Recently, there have also been efforts to incorporate the coupled interactions between hydraulic, 
mechanical and biological processes into the numerical model to predict the MSW behavior in 
landfills (Reddy et al. 2017a). These studies focused on simulating the coupled hydro-bio-mechanical 
processes to try and understand the complexity associated with the MSW behavior within the landfill 
and how it affects the holistic performance of a bioreactor landfill. In this regard a mathematical 
modeling framework that incorporates the coupled hydro-bio-mechanical processes and its impacts 
on the stability and integrity of the landfill system has been formulated. In particular, this 
mathematical framework integrates a two-phase flow hydraulic model, a 2-D plain strain mechanical 
model, and a first order decay biodegradation model. The entire mathematical framework is 
implemented in a commercial software named FLAC. 


The two-phase flow model built-in FLAC simulates the saturated-unsaturated fluid flow based on the 
Darcy’s law. The hydraulic conductivity of the fluids under unsaturated conditions is given by the 
relative permeability functions of the van Genuchten form (van Genuchten, 1980). The mechanical 
model for MSW involves the 2-D plain strain formulation of Mohr-Coulomb constitutive law to 
simulate the stress-strain behavior of MSW. The biodegradation of waste is simulated using the first 
order decay kinetics. The gas generation from waste degradation is similar to the USEPA’s LandGEM 
model. However, the biodegradation model formulated in this study incorporates the effect of 
changing moisture as fluid flows through the MSW on the rate of biodegradation of waste. The extent 
of waste degradation at a location in the landfill is derived from the gas produced and the biochemical 
methane potential of the waste. Meanwhile as the biodegradation takes place the waste properties also 
change as per the correlations developed between the extent of degradation and the geotechnical 
properties of the waste from previous experimental investigations on field MSW samples, thus 
simulating a transient coupled hydro-bio-mechanical behavior of MSW. A detailed explanation of 
the entire numerical framework and simulations performed using the abovementioned numerical 
framework is presented in Reddy et al. (2017b). Some of the results obtained from these numerical 
simulations performed using the numerical framework is presented in this study. 


Fig. 3a shows the comparison of the variation of surface settlement with time for a conventional and 
bioreactor landfill. It can be observed that total settlement in both the cases is the same due to the 
same amount of waste and its composition in both conventional and bioreactor landfill simulation. 
However, the time it takes for attaining the total settlement in a bioreactor landfill is significantly less 
than the conventional landfill. This is mainly because of the higher rates of biodegradation in 
bioreactor landfill due to the availability of moisture. Thus, the numerical model could simulate the 
different landfill settlement behavior with and without recirculation reasonably well. Likewise, three 
numerical simulations of a landfill with the same waste conditions and landfill geometry were carried 
out. However, each of the three simulations incorporated different system processes. The first 
simulation represented a bioreactor landfill (with leachate injection) but neglected the effect of 
biodegradation on the MSW behavior (coupled hydro-mechanical simulation). The second simulation 
represented a conventional landfill (with no leachate injection) and the third simulation represented a 
bioreactor landfill (with leachate injection) but incorporated the effect of biodegradation on MSW 
behavior. The three landfill models were evaluated for their slope stability under different simulated 
conditions. For the coupled hydro-mechanical simulation the factor of safety (FOS) against slope 
stability decreased continuously with increasing pore pressures from leachate injection (see Fig. 3b). 
For the coupled bio-mechanical simulation, there were no excess pore pressures as such in the system 
due to the absence of pressurized leachate injection. Thus, the FOS values almost remained constant 
over the entire simulation. However, for the coupled hydro-bio-mechanical simulation resulted in an 
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initial decrease in the FOS values until certain time where the effect of increasing pore pressures was 
dominant. Meanwhile the changes in the waste properties (increasing unit weight, increasing cohesive 
strength of waste) resulted in an overall increase in the slope stability as indicated by the increase in 
FOS values. In the long-term with substantial settlement and dissipated pore water pressures and 
limited changes in the waste properties the FOS values reached equilibrium. Hence, incorporating the 
effects of biodegradation along with other processes is essential for accurate prediction of the stability 
of a bioreactor landfill. 
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Fig. 3: (a) Variation of Surface Settlement in Conventional and Bioreactor Landfill; (b) 
Variation of Factor of Safety of Landfill Slope with Elapsed Time for coupled hydro- 
mechanical, coupled bio-mechanical and coupled hydro-bio-mechanical simulation 


4. SUMMARY AND ONGOING RESEARCH 


Bioreactor landfills are an attractive option for effective and efficient management of waste. They 
offer numerous advantages over the traditionally constructed and operated landfills in several aspects. 
Moreover, in the light of sustainable development, bioreactor landfills prove to be an ideal concept 
of waste management. However, there are no rigorous procedures or guidelines for safe design of 
such landfills. Unlike conventional landfills, the construction and operation of bioreactor landfills 
require adequate knowledge and accuracy on the required moisture levels within the landfill, the 
injection pressures and flow rates all of which depends on a good estimation of the properties of 
waste. One of the major concerns in leachate recirculating landfills is to ensure uniform distribution 
of moisture across the landfill space, which is hindered by the lack of understanding of the hydraulic 
behavior in MSW. In addition, the biodegradation of MSW makes the understanding of the landfill 
system quite complex due to the interdependency of the hydraulic flow, mechanical response and 
biodegradation on one another. Thus, understanding these individual processes and their interactions 
will aid in simulating this behavior mathematically thereby allowing us to design safe and effective 
bioreactor landfills. 


Several researchers have performed numerous studies to numerically simulate the coupled processes 
and evaluate the performance of the landfill system. However, these studies do have some limitations 
from the simplification made in simulating the hydraulic, mechanical and biochemical processes. The 
current research at UIC is focused on addressing the research challenges pertaining to adequate 
mathematical description and accurate simulation of the biochemical reactions and their kinetics 
within the MSW. None of the existing coupled models account for the influence of heat generation 
and temperature distribution within the landfill on the biodegradation of MSW. Thus, numerical 
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modeling of temperature distribution and heat generation within the landfill is currently being carried 
out to have an accurate description of the biodegradation of MSW. In addition, accurate simulation 
of the mechanical response of the waste undergoing degradation is another important ongoing 
research topic at UIC. Understanding the mechanical behavior of waste has always been a challenging 
task and requires adequate experimental investigation to delineate the constitutive behavior and to 
formulate mathematical description that can simulate the experimental behavior. Finally, integration 
of all these different aspects into a comprehensive coupled model is crucial to predict overall 
performance of a bioreactor landfill. 
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Abstract 

Waste streams generated on board ships en route and during cargo operations are governed by the 
MARPOL 73/78 waste/residues UN Convention; their efficient delivery at shore and final disposal is 
a Member States obligation. In order to ensure availability and safe delivery to the Port Reception 
Facilities (PRF), the European Parliament and the European Council adopted the Directive 
2000/59/EU on for ship-generated waste and cargo residues, taking into account International 
Maritime Organization (IMO) measures. The main difference between the MARPOL 73/78 
Convention and the 2000/59/EU Directive is that the former focuses mainly on board operations, 
whereas the Directive regulates shore side activities. Implementation of the MARPOL 73/78 
waste/residues Convention and of the Directive 2000/59/EU in Greece, was implemented by the 
Common Ministerial Decision 8111.1/41/2009; both Directive and Decision are currently under 
revision. A proposal for a new Directive has been published in January 2018. 


The recent EU Regulation 2017/352 establishes a framework for the provision of port services and 
common rules on the financial transparency of European ports, affecting as well the ship waste 
handling sector. In Greece, the regulator that ensures application of the regulation in the domain of 
ports is the Regulatory Authority for Ports (RAL). 


The main targets of this work include the presentation of a) the existing state of delivery and shore- 
side management procedure for ship waste in Greece, b) the service provision market challenges, c) 
the assessment of environmental friendly processes and d) the regulatory aspects. 


Keywords: ship waste; cargo residues; ports; regulation; port reception facilities; MARPOL 73/78 
1. INTRODUCTION 


In the domain of the International Agreements, Conventions constitute documents are signed by 
Member States of International Organizations and then implemented within Member States through 
their adoption by National Legislative Frameworks. In the case of European Union (EU), an 
additional step can be required, involving the adoption of the Agreement by the EU legislative system 
itself. In Greece, us a member state of E.U., the hierarchical implementation steps include: 
International Convention, EU legal acts (such as Regulation, Directive, or Decision) and, finally, 
national legal acts as Law, or Presidential Decree or (Common) Ministerial Decision or combination 
of the above. In the case of ship waste legislation, the procedure is more complicated due to the fact 
that, the management of waste on board ships is under the conventions of International Maritime 
Organization (IMO), until their shore-side delivery, where other Conventions or Legislative acts are 
set in force. 


Despite the focus of the European Union on the environmental issues, several waste management 
related issues are still unresolved, including different definitions for the same or similar terms, (e.g. 
definition of MARPOL, for residues/wastes versus the Directive’s ship —generated waste) which 
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causes problems to the complicated procedure of the treatment and the disposal of all kinds of wastes 
in the EU. The lead time between transitions of measures from one legal system to another contributes 
to missing or newly added clauses and procedures, resulting to amendments and delays, rendering 
some measures obsolete. Implementation differences between Member States add additional 
complexity and confusion. The current standards set by the European Maritime Policy for the good 
environmental status of the marine waters are high, resulting to minimization of waste disposal. 


In the case of Greece, an additional factor of complication for waste and cargo residue management 
is posed by the complexity of its National Port System: Due to the geomorphology of the country, 
where more than 3.000 islands exist and more than 1.000 registered port facilities operate, the 
adoption, implementation and surveillance of a system for the collection handling, treatment and final 
disposal of ship waste is a very difficult procedure, involving many stakeholders including local / 
municipal authorities, prefectures, ministries and one regulator, the Regulatory Authority for Ports. 


In this paper a succinct description of the Greek Port System is presented, including the primary 
responsibilities of Regulatory Authority for Ports. The rapidly evolving International, European and 
National Legal frameworks, concerning the ship waste are also presented. The structure of the Greek 
Market at the field of ship waste handling is described and compared to other European practices. 
The European market of ship waste services faces new, regulatory challenges. The Greek State has 
the opportunity to legislate appropriately to the benefit of market stakeholders, service providers and 
end-users alike. 


2. THE GOVERNANCE OF THE GREEK PORT SYSTEM 


2.1 Greek Port System 

As of 2018, more than 1.060 port facilities operated in Greece, managed by 97 Port Authorities 
(Giantsi, 2016). The role of Port Authorities is fulfilled by four different institutional frameworks i.e. 
Port Authorities S.A., as private enterprises, Public Port Funds, Public Port Offices, and Municipal 
Port Funds as public enterprises. Notwithstanding, a large number, approximately 240, of port 
facilities do not belong to any managing body. 


With respect to their significance, Greek Ports are divided in four main categories: a) ports of 
international significance (16), b) Port of national significance (16), c) ports of major interest (25) 
and d) local ports (~1000). Categorization according to their major six uses include: a) Commercial 
/ Freight ports, b) Passenger ports, c) Tourist Ports, d) Fishing Ports, e) Multipurpose Ports, and f) 
Special Purpose Ports (e.g. military ports, shipyards); this allocation is in Figure 1. The majority 
(42%) of the Greek Port Facilities is comprised by small fishing ports; 18% are multipurpose, 15% 
are commercial, 15% are Tourist. Only 5% are passenger ports, and the last 5% corresponds to special 
purpose ports. 


Tourist ports are licensed and supervised by the Ministry of Tourism, while the rest categories by the 
Ministry of Maritime Affairs and Insular Policy. Furthermore, Tourist Ports are divided in 3 
categories: Marinas, Shelters and Moorings. 


25 Greek Ports have joined the Trans European Transport Network (TEN-T), 5 of which belonging 
to the core network and 20 to the comprehensive network. The allocation of these 25 ports is presented 
in Figure 2. 


Due to the privatization of the biggest Greek Ports, (Piraeus and Thessaloniki) a new entity, (the 
Public Port Authority), subject to the Ministry of Maritime Affairs and Insular Policy, was established 
to take over the administrative responsibilities of the Greek State that cannot be delegated to private 
entities. At the same time, the Regulatory Authority for Ports was established, in order to regulate 
port services and oversee concession agreements, as an independent regulator, subject only to the 
Greek Parliament. 
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2.2 The Regulatory Authority for Ports 

The Regulatory Authority for Ports was initially established in May 2014 pursuant to the Laws of 
4150/2013, 4254/2014 and 4258/2014 as an Independent Public Authority, subject to the Ministry of 
Shipping and the Aegean, with administrative and financial autonomy. Pursuant to the Law 
4389/2016, (G.G., A' 94/27.05.2016) in May 2016 it was transformed into an Independent Authority, 
subject to the Greek Parliament. The mission of the Authority includes overseeing, regulating and 
catering for the legality of relations between public and private entities in the national port system. 
Emphasis is given to contractual compliance and the application of competition law in the port 
industry. Responsibilities of the Authority include: 


e issuing of regulatory, directly enforceable regulatory and advisory decrees, 


e overseeing the level of service, the compliance of stakeholders with competition law and the 
accomplishment of the financial objectives in ports under concession contracts, 


e exercising of the contractual rights of the Hellenic Republic in ports under concession contracts, 
e resolving differences between ports operators and port users, 
e establishing of port charging methodologies, 


e deciding for provisional measures in emergency situations and inspections, in cooperation with 
judicial bodies and 


e advisory support to the Greek state with respect to the organization and legislative framework of 
the national port system, port services and port planning. 


The Regulatory Authority for Ports supervises commercial methods and practices of port service 
providers and enforces regulatory measures, ensuring the unobstructed provision of port services to 
users, and access to port services. 


The deliveries of Regulatory Authority for Ports, as an Independent Authority from May 2016 until 
today, includes the completion of 79 case requests and complaints with respect to port services, port 
infrastructure charges, port service contracts and dredging services. 


The main arguments for the creation of the Regulatory Authority for Ports include: a) the need to 
monitor, control and enrich European experience with respect to total concessions of public ports and 
port authorities, b) the need to reduce uncertainty and enhance management consistency and 
continuity in the management, by monitoring of total concession contracts, sub-concessions of port 
infrastructure and the rendering of certain port services from the Greek State, c) the need to regulate 
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port access, charging and performance in relation to the required level of service for port service 
users, d) the need for specialized, multilevel knowledge (economic, technical and legal knowledge) 
and a focus on: i) the ex-ante regulation of the port services market, the advice on more specific issues 
for port services and the prevention of market failures without excessive interference, and ii) the ex- 
post investigation of competition issues deriving from breach of the legal and contractual obligations 
of port operators and port services market distortions. 


Apart from Greece, rapid developments in the international and European port industry are taking 
place in the recent years, and the formation of alliances between international port terminal 
management companies (global operators), large shipping companies and logistics companies (mega 
carriers) are blurring the distinction between the port industry, shipping, transport and logistics, 
developing a so-called post-globalized framework (Angelopoulos et al,. 2018). This framework calls 
for novel aspects of regulation at a transnational, European and global level, and to this end the 
establishment and operation of institutions similar to the Regulatory Authority for Ports. 


3. LEGISLATIVE FRAMEWORK 


3.1 MARPOL73/78 Convention 

In order to prevent the pollution from ships, IMO set in force the MARPOL 73/78 waste/residues UN 
Convention (IMO, 2017), in 1973 for the first time. A large number of amendments have been 
incorporated in the initial edition. New amendments are also expected to be set into force in the near 
future. 


All waste streams generated on board ships during normal operations and during cargo operations are 
to be treated and final disposed under a clear procedure, according to the MARPOL Convention. 
Regulations for management of waste and residues are divided within six Annexes: 


Annex I: Regulations for the Prevention of Pollution by Oil 

Annex II: Regulations for the Control of Pollution by Noxious Liquid Substances in Bulk 

Annex III: Regulations for the Prevention of Pollution by Harmful Substances Carried by Sea in 
Packaged Form 

Annex IV: Regulations for the Prevention of Pollution by Sewage from Ships 

Annex V :Regulations for the Prevention of Pollution by Garbage from Ships 

Annex VI :Regulations for the Prevention of Air Pollution from Ships 


According to MARPOL 73/78, garbage is categorized as follows: 


a) Plastics, b) Food wastes, c) Domestic wastes (e.g., paper products, rags, glass, metal, bottles, 
crockery, etc.), d) Cooking oil, e) Incinerator Ashes, f) Operational wastes, g) Cargo residues, h) 
Animal Carcass(es), i) Fishing gear. 


Efficient delivery of MARPOL wastes / residuals at shore, treatment and final disposal are obligations 
of Member States. 


A so-called Waste Reception and Handling Plan is required by the managing bodies of the port. In 
order to ensure compliance with MARPOL, IMO published the Circular MEPC/834 Consolidated 
Guidance for Port Reception Facility Providers and Users (IMO, 2014). 


3.2 European legislative framework 

Traditionally, EU has been very sensitive with respect to environmental issues. A litany of 
Regulations, Directives and Decisions has been entered in force in order to ensure high environmental 
standards. The impact of the implementation of each legal act is always under examination, and when 
new legal acts are adopted, the old ones are amended or repealed and Member States are obliged to 
implement the new acts to their legislative system. 


In order to reduce the discharges of ship-generated waste and cargo residues, the European Parliament 
and the European Council adopted the Directive 2000/59/EU (OJEC, L 332/28.12.2000)- currently 


431 


Solid waste management 


under revision-, in accordance with the MARPOL Convention. In order to facilitate Member State 
implementation of the Circular MEPC/834 and based on the experience gained from monitoring and 
assessing the implementation of Directive 2000/59/EC during the past 15 years, the Commission has 
decided to clarify some of the key provisions of the Directive via a Commission’s Notice (2016/C 
115/05) entitled Guidelines for the interpretation of Directive 2000/59/EC. (OJEC, 2000) 


The Directive 2000/59/EU refers only to Annexes I, IV and V to MARPOL 73/78 waste and residues 
and applies to “a) all ships, including fishing vessels and recreational craft, irrespective of their flag, 
calling at, or operating within, a port of a Member State, with the exception of any warship, naval 
auxiliary or other ship owned or operated by a State and used, for the time being, only on government 
noncommercial service; and (b) all ports of the Member States normally visited by ships falling under 
the scope of point (a). ” 


Waste and residues from other Annexes are treated differently according to other EU directives and 
regulations. The obligation for the development of a Waste Reception and Handling Plan (WRH) is 
included within the Directive. Pursuant to the Directive, these WRH Plans are to be revised every 
three years. 


A study has been conducted for the European Commission by ECORYS (2017), assessing the impact 
and challenges of the 2000/59/EU Directive implementation. Two main problems were identified, 
namely: a) waste discharged at sea and b) administrative burden. 


The first problem was attributed to the significant difference between volumes of waste produced on 
board, and waste delivered at shore. A significant amount of Ship Generated Wastes (SGW) are being 
discharged at sea, under the permission of MARPOL and constitute a negative impact for the marine 
environment. Significant volumes of waste are believed to be discharged illegally, resulting also in a 
serious negative impact; finally, a non documented sufficiently yet volume of wastes is being treated 
on board. A review of present technologies and methods being used to reduce SGW, is presented by 
a study conducted by CE Delft, for the European Maritime Safety Agency (EMSA, 2017). To 
eliminate the discharge of waste at sea, several new measures are proposed. One of these measures 
includes the elimination of the direct and indirect cost of the delivery at shore, the treatment and the 
final disposal of the wastes. Increase of the waste treatment on ship is also another measure. 


The marine environment is also protected with several other EU legislative acts: 


a) the Directive 2008/98/EC, (OJEC, 2008), of the European Parliament and of the Council of 19 
November 2008 on waste and repealing certain Directives b) the Directive 2008/56/EC, (OJEC, 
2008a) of the European Parliament and of the Council of 17 June 2008 establishing a framework for 
community action in the field of marine environmental policy (Marine Strategy Framework 
Directive), c) the Regulation (EC) 1069/2009, (OJEC, 2009) of the European Parliament and the 
Council of 21 October 2009 laying down health rules as regards animal by-products and derived 
products not intended for human consumption and repealing Regulation (EC) 1774/2002, d) the 
Directive 2009/16/EC, of the European Parliament and the Council of 23 April 2009 on port state 
control and, finally, e) the Regulation (EU) 2017/352 (OJEC, 2017) of the European Parliament and 
of the Council of 15 February 2017 establishing a framework for the provision of port services and 
common rules on the financial transparency of ports. 


The Regulation (EU) 2017/352 applies to seven port services, including the collection of ship- 
generated waste and cargo residues and applies also to all maritime ports of the Trans-European 
Transport Network (TEN-T), as listed in Annex II to Regulation (EU) 1315/2013, (OJEC, 2013). 
Regulation 2017/352 is dealing with the following issues: a) minimum requirements for the provision 
of port services, b) limitations on the number of providers, c) public service obligations and d) 
restrictions related to internal operators. 


Finally, the Proposal for a Directive on port reception facilities for the delivery of waste from ships, 
repealing Directive 2000/59/EC and amending Directive 2009/16/EC, (OJEC, 2009) and Directive 
2010/65/EU, (OJEC, 2010) is published in January 2018, (EC, 2018). 
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Another important parameter is that the procedures for reception, collection, storage, treatment and 
disposal should always conform to European Environmental Policy. 


During the consultation for the revision of the Directive, four Policy Options were examined: 1) 
Baseline, 2) Minimum revision, 3) MARPOL alignment, 4) EUPRF regime for all discharges; and 
variant options 3b and 4b on Marine Litter. The 3b option was selected, targeting to: a) clarify the 
relationship with the MARPOL Convention, b) simplify the legislative framework and c) reduce 
administrative burden. 


Key changes on the proposal for the new Directive include: 

a) The Annexes I, II, IV, V and VI are included at the proposal (The Annexes II and VI were not 
included in Directive 2000/59/EU. ) 

b) Changes in definitions - terms, in accordance with IMO 

c) Directive Annexes (forms) changes, in compliance with IMO forms 

d) The new Directive shall apply to all ports and not just to the selected ones, based on criteria 
imposed by each Member State (e.g. magnitude of port facility) 

e) Shipyard wastes are excluded from the Directive proposal 

f) Inspection changes are proposed 

g) Fees replaced by the cost recovery schemes 


Changes a) and d) above may increase both administrative burden and the infrastructure cost. 


3.3 Greek legal compliance 
Implementation of Directive 2000/59/EU in Greece was conducted mainly by the Common 
Ministerial Decision 8111.1/41/2009 (G.G., 412 B/06.03.2009). 


All major ports of the country (international, national and of major interest), including touristic ports, 
are required to have waste reception facilities, in order to collect waste and cargo residues produced 
by all kinds of ships normally using the port, including fishing vessels and recreational crafts. To 
achieve this objective, a WRH Plan must be developed by the Port managing bodies to ensure the 
effectiveness of the service provided. These Plans, according to the Directive 2000/59/EU can be 
regional, incorporating many Ports under the same Plan, distinguishing the involvement of each port 
and the availability of the reception facilities of each port. The duration of WRH Plans is set to three 
years; they are validated by the Ministry of Maritime Affair and Insular Policy, and evaluated by the 
Ministry of Environment and Energy. To maximize the quality of the services, the managing bodies 
of the Ports, in most cases, provide these services via private companies with expertise in the specific 
domain. 


Wastes are divided in two categories: a) liquid and b) solid waste. Initially, service providers bid for 
each waste category separately and only one provider per port was permitted to operate per waste 
category. Before the publication of Regulation (EU) 2017/352, the Regulatory Authority for Ports 
issued 3/2017 advisory decree entitled Providers in the Hellenic Ports for Waste Management, in 
order to clarify the procedure. 


Just before 2018, Law 4504/2017 (G.G., 184 A/29.11.2017) entered into force. In article 105, core 
principles and articles of Regulation (EU) 2017/352 with respect to waste management of ships and 
cargo residues are incorporated to the Greek legislation. Despite that Regulation (EU) 2017/352 
applies only to TEN-T ports (with only 25 Greek Ports having the obligation to comply), signaling a 
policy choice focusing on environmental protection by imposing higher standards nationwide. Article 
105 provides the procedure of port reception services and waste management, by opening the market 
imposing at least two providers per service for private managing bodies (total concession). One more 
important change can be observed in the new law: a 5-year duration of the WRH plans. The no. 
3/2017 RAL advisory decree was in turn repealed, in order to be in conformity to the new Law 
4504/2017. 


433 


Solid waste management 


Currently a proposal for the revision of the CMD 8111/49/2009 is under consultation. However, it is 
based on the Commission’s Notice (2016/C 115/05) and not on the proposal of the new Directive. 


Another significant issue seems to be the transmission of the waste from the port area to the inland 
facilities for treatment, where other legislative acts are in force and the waste by MARPOL’s Annexes 
must follow the European List of Waste procedure. 


4. SHIP WASTE DELIVERY AND RECEPTION IN GREECE 


4.1 Waste Reception and Handling Plans 

In most cases, WRH Plans in Greece are regional, incorporating neighboring smaller port facilities in 
the vicinity of the main port, even not managed by the same managing body. As a result, ships can 
deliver waste at many port facilities in Greece. 57 ports are obliged to develop WRH Plans (ports of: 
international importance, national importance, and major interest), including approximately 50 
Tourist Ports (Marinas) and 60 private port terminals / facilities; a total of 167. Several of these 
facilities are incorporated in the same WRH Plan. 


Private Ports 


—————————— Private Ports 
Marinas Ps J 

Sa 

|_| 

= 


Marinas B 


Minicipal Port Funds 


Public Port Funds Public 
Port Authorities Authorities 
m WRH Plans under revision 
= WRH Plans 
Figure 3: WRH Plans per managing body Figure 4: WRH Plans under revision per 
category managing body category 


As of 2018, 44 WRH Plans are in force and 62 are under revision in Greece. Figures 3 and 4 present 
WRH Plans per managing body type and under revision respectively. All Port Authorities and the 
majority of private ports / facilities have developed WRH Plans. Notwithstanding, several Port Funds 
have not complied with the law. 


4.2 Port Reception Facilities 

According to the proposal of the new Directive the definition of port reception facilities, (P.R.F.) is: 
any facility, which is fixed, floating or mobile and capable of receiving the waste from ships. In most 
cases all three types of facilities or combination of them are used for each Greek port. Quantities, 
required capacity and the quality are set in the WRH Plans. In most cases, shore-side facilities - 
especially for liquid waste, are situated within the port area and owned by the managing body of the 
port. In some Port Authorities (e.g. Piraeus Port Authority), construction and operation of P.R.F. has 
been assigned to a provider through a sub-concession. 


Floating and mobile facilities can be either private or owned by the public managing body of the port. 
In both cases, mobile facilities must be licensed for the specific operation. 


No obligation for separation of garbage is recognized within the Greek Legal system; therefore solid 
waste services providers, do not separate waste (mainly from Annex V), thus lowering national 
recycling indicators. 


4.3 The market of waste reception services in Greece 


The Greek system for the collection and handling of the ships waste is based on a bidding procedure. 
The lowest bidder and the managing body sign a sub-concession contract for a specific amount of 
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money estimated as the income from the provided services for a period no longer than 3 years. After 
the end of the contract, a new contest procedure and a revision of WRH Plan are conducted. It is a 
tough and long procedure. Due to the delays in the contest procedure, services can be provided by the 
incumbent provider under an expired WRH Plan. As RAL is the responsible authority for the 
resolution of the differences between port managing bodies and stakeholders, a lot of complaints 
arrive at RAL, during the contest procedure. 


The Greek market appears to have the characteristics of an oligopoly: As of 2018, four major waste 
service providers are active; one is specialized in liquid waste, two in solid waste and one in both. 


In contrary, most of European Ports have more than one provider collecting the waste for each 
MARPOL’s Annex. In Table 1 the number of providers involved in the collection of waste at several 
European Ports is presented. 


Table 1: Number of ship waste collection services Providers per MARPOL Annexes for 
selected European Ports'. 


FORT oerda Anver Tenri Validea | Dae Pie 
ANNEX | otterda werp eravre alencla leste Iraeus 


Waste from Annex III, is subject to the ship’s captain choice to be delivered at shore. Only the Port 
of Piraeus gives this option to clients. Although collection of Annex II and VI wastes is not included 
in the Directive 2000/59/EU, these services are provided by major European Ports. 


5. EXPECTED IMPACTS FROM THE NEW LEGISLATION IN THE GREEK MARKET 


The existing legal framework faces challenges both in Greece and the rest of EU Member States. An 
update of the existing legislative framework is a requirement; currently under consultation. 


A new, amended Common Ministerial Decision is the next necessary step for the Greek legal system, 
incorporating, among others, the obligation to all ports to develop WRH Plans and receive waste from 
MARPOL’s Annex VI; the current proposal for the new directive includes also waste from 
MARPOL’s Annex II. The proposal of the new Directive is on the right direction, oriented to IMO 
principles, facilitating ships with respect to the shore-side waste delivery procedure. Alignment with 
MARPOL is expected to lead to reduction of administrative burden. On the other hand, the obligation 
to maintain reception facilities for all ports, is expected to increase administrative burden and 
infrastructure costs, to the benefit, however, of additional investments and creation of new jobs, not 
neglecting the environmental profit. 


With respect to WRH Plans, the introduction of Annex II and Annex VI wastes will result to revision 
requirements; at the same time, expansion of their duration from 3 years to 5 years, will reduce 
administrative burden. 


Finally, the proposed cost recovery systems, introducing an indirect and a direct fee for the reception 
and ship-side treatment of waste -excluding the cargo residues from this obligation-, is expected to 
increase volumes of shore-side waste deliveries. 


‘Data collected by the official port’s websites, as of 12.2017 


435 


Solid waste management 


Two issues appear to persist in the Greek market: The current low levels of market competition, and 
the environmental target of recycling. Some entry barriers still remain. They strangle of competition 
and at the same time mitigate the environmental profits. 


6. CONCLUSION 


The procedures for reception, collection, storage, treatment and disposal of ship wastes and cargo 
residues are part of a robust industry in Greece; however, they have characteristics of an oligopoly. 
The proposed National and European legislative acts are expected to reinforce the sector, offering 
more jobs and better quality for the marine environment. Still they remain entry barriers in the Greek 
market. 


Issues to be solved in Greece are the number of providers for waste collection services, the separation 
of garbage etc. 


The decision of the E.U. to align the procedure with IMO principles is to the right direction. 


Clarification of the terms, matching of the waste categories between MARPOL’s Annexes and 
European List of Waste and simplification of the procedures are needed to empower the ship - waste 
management services. 


Even those, in Greece more interventions are needed to strengthen competition in the market and to 
facilitate the waste management. The upcoming legislative acts, could transform the new challenges 
to the booster of the market and the Greek Market can benefit from them. 


We are in a transitional period and based on the experience obtained, we expect a healthy and strong 
market in the near future at the waste reception and handling sector of port services. 
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Abstract 

This research incorporates the use of two regionally available industrial byproducts produced close 
to the coal mining region in Eastern South Africa to treat acid mine drainage (AMD): steel slag and 
sugarcane bagasse, i.e., the shredded cane stalk residual after sugar extraction. Basic oxygen furnace 
(BOF) slag is regionally produced in Newcastle in large quantities and its high alkalinity makes it 
ideal for neutralizing acids. Kwa-Zulu Natal is home to the South African sugar industry and the high 
surface area, polysaccharide content and slow breakdown via acid hydrolysis of sugarcane bagasse 
makes it an ideal host media for sulfate reducing bacteria (SRB). Accordingly, this research explores 
the viability of remediating AMD in a two-step continuous process combining both materials. BOF 
slag eluate (generated from a recycle loop) contacted with raw AMD at an Eluate: AMD ratio of 20:1 
was used to initially buffer the AMD solution (pH) and precipitate heavy metals in a sedimentation 
tank to avoid toxic shocking the SRBs in the sugarcane bagasse bioreactor. Overflow from the 
sedimentation tank was then passed through a packed bed containing sugarcane bagasse inoculated 
with SRBs as a polishing step to remove sulfate, precipitate metal sulfides and elevate pH to near 
neutral pH conditions based on a 16.46 h residence time. A portion of the effluent (95%) was recycled 
through a packed bed of BOF slag to create the eluate for pre-treatment of the raw AMD solution. 
The AMD used in these experiments was characterized by: pH 2.4; 388 mg/L Al, 4256 mg/L Fe, 426 
mg/L Mg, 96 mg/L Mn, 418 mg/L Ca and 15995 mg/L SO.”. Operation of the designed process at 
a laboratory scale treating 1 L/day, has confirmed the buffering of the AMD solution to a pH of 
between 7 and 8, and the removal of heavy metals and sulfate to levels of below 10 mg/L for Al, Fe, 
Mg, Mn and <200 mg/L for sulfate. The bench scale system is currently being scaled up for a pilot 
treatment system to be deployed in February 2018 near Emalahleni, South Africa, about 150 km due 
East of Johannesburg. 


Keywords: BOF slag, Acid mine drainage (AMD), sugarcane bagasse, sulfate reducing bacteria 
(SRBs) 


1. INTRODUCTION 


Mining activity has been an important element in the development and advancement of the South 
African economy for over a century [Durand, 2012], with mineral extraction occurring at numerous 
industrial sites across the country. Although much wealth has been generated because of the gold, 
coal, iron ore and copper mining industries, mining activities have also resulted in detrimental 
ecological problems that have had adverse effects on both the environment and the population of 
South Africa. One such problem is that of Acid Mine Drainage (AMD) or Acid Rock Drainage (ARD) 
[Mccarthy et al. 2011]. 
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AMD is formed when rocks and waste mine materials that contain sulfide components, oxidize on 
exposure to water or air [Naicker et al. 2003]. Pyrite, the main component that contributes to the 
formation of AMD, is found largely in both coal and gold mining sites, but it is also found in smaller 
quantities in other metal ores. Waters that have been contaminated with AMD are characterized by 
a low pH, high acidity and high concentrations of sulfates and metals [Feng et al. 2004]. Water 
scarcity issues (both surface and groundwater impacted by AMD) serve as a major motivation to 
address point and non-point sources of AMD in north and north-eastern South Africa (Gauteng, 
Mpumalanga and Limpopo), where polluted water is generated at multiples coal field sites in the 
volumes of tens of ML/day. Research into treatment and prevention methods is thus relevant in South 
Africa and other countries with similar socio-economic situations. 


Fortuitously, two industrial by-products are regionally available in large volumes with the potential 
to passively remediate AMD: Basic Oxygen Furnace (BOF) Slag and sugarcane bagasse, i.e., the 
shredded cane stalk material remaining after sugar extraction [Ziemkiewicz 1998; Grubb et al. 2000; 
Ziemkiewicz et al 2003; Skousen & Ziemkiewicz 2005]. The BOF slag with 10-15 wt% 
lime/portlandite and various alkaline silicates and oxides, is able to generate highly alkaline solutions 
and can be used to buffer and elevate the pH of AMD [Roadcap et al. 2005; Riley & Mayes 2015]. 
As pH rises, a substantial portion of metals precipitate out of solution in the form of oxides, 
hydroxides and sulfates, lowering the metal content of the water and making the AMD solution more 
amenable to biological treatment by Sulfate Reducing Bacteria (SRB) cultures. SRB is able to reduce 
sulfates to sulfides via dissimilatory sulfate reduction (DSR), promoting more metal and sulfate 
removal by means of metal sulfide precipitation. SRB need a substrate to function and sugarcane 
bagasse has shown potential in this regard [Hussain & Qazi 2016; Grubb et al, in press]. If a process 
using the abovementioned methods and industrial by-products is optimized and implemented 
successfully, areas affected by AMD pollution could be restored and the water quality could be 
improved to acceptable grey water standards. 


This paper reports on the research and the implementation of such a process at a laboratory scale 
which comprises of two main steps, neutralisation and sulfate reduction. It aims to incorporate slag 
and sugarcane bagasse to treat severely polluted mine drainage which is continuously produced from 
a mine in Mpumalanga, South Africa. 


2. MATERIALS AND METHODS 


2.1 Materials 

Basic oxygen furnace (BOF) slag was sourced from Phoenix Slag Services based in Newcastle, 
Kwazulu Natal, South Africa. The sugarcane bagasse was collected from Illovo’s sugar plant in 
Eston, Kwazulu Natal, South Africa. The bagasse was transported loosely in plastic bags and stored 
in a temperature controlled room at 25 °C before use in the process. 


The acid mine drainage (AMD) was obtained from a mine tailings dam in Emalahleni, Mpumalanga, 
South Africa and was stored away from direct contact with sunlight before use. The elemental 
composition and other chemical and physical properties of the AMD as collected from the site are 
provided in Tables 1 and 2 respectively. This initial quality of water is typically what the treatment 
regime aims to remediate (the treatment facility is currently being upscaled to a pilot plant system to 
be constructed at site). 
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Table 1: Elemental composition of AMD 


Element ees Element Pe 
S 11182.500 | | Ga 2.160 
Fe 7432.500 | | Hg 1.840 
Ca 1395.000 | | Co 1.749 
Mg 795.000 | | Ni 1.514 
Y 219.300 | | Pb 1.156 
Mn 133.200 | | Sr 0.941 
Ir 48.900 | | Na 0.863 
Li 37.800 | | Ag 0.803 
Zn 13.800 | | V 0.627 
Si 11.320] | U 0.571 
Te 10.560 | | Ge 0.499 
Sn 10.080 | | Ti 0.243 
Ce 8.240 | | Ca 0.199 
Cu 5.980 | | W 0.171 
Gd 4.300 | | Be 0.073 
K 3.074 Eu 0.053 


Table 2 shows that the sulfide content was 0.019 mg/L, which suggests an existing SRB presence 
within the dam, or unreacted sulfides present in the AMD. Concentrations measured at the time of 
commencement of experimentation differ to the concentrations obtained at time of collection, due 
precipitation that occurred because of the highly saturated nature of the AMD and the stagnant storage 
conditions. At the mine site, water is continuously recycle and pumped into the mine tailings dam, 
creating agitation that prevents precipitation. The performance of the treatment facility was assessed 
based on initial concentrations of the liquid entering the setup. 


Table 2: Selected chemical and physical properties of AMD 


Parameter Value 
Redox Potential (mV) 391 
Dissolved Oxygen (mg/L) 2:5 
Total Dissolved Solids 29112 
Sulfide (mg/L) 0.019 
Conductivity (mS/M) 1300 
pH 2.38 
Total Suspended Solids 290 
Acidity (H*) 362 
Turbidity 54 
Total Organic Carbon (TOC) <0.1 
Sulfate (mg/L) 20146 
Hydroxypropyl cellulose <1 
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2.2 Experimental setup and procedure 

A laboratory scale AMD treatment facility was designed and constructed (Figure 1) to study the 
effectiveness of a process which combines the use of BOF slag and sugarcane bagasse to treat AMD. 
Results from initial test work (not discussed here) were used as a basis for the process configuration 
and control scheme, as well as the optimum process parameters and conditions. 


The remediation setup (Figure 1) comprises of two pumps and a number of process vessels (an AMD 
feed tank, two slag vessels, a sedimentation vessel, primary and secondary DSR vessels, a water 
reservoir and an outlet storage tank) which were sealed and anaerobic. The sample points are 
numbered on the diagram. Movement of the liquid between tanks is achieved via gravity flow. 


Slag Vessel 
1.8L 


Slag Vessel 
1.8 L 


Sedimentation Vessel 


DSR V1 
Primary 
DSR Vessel DSR V2 
Piia Secondary DSR 


AMD 144L Vessel 
Feed (no bagasse), L 


Water storage 
tank 


Water res ervoir 


TE 
| (elevation to ensure gravity flow) $ 
Pump 1 


Figure 1 Laboratory scale passive AMD remediation setup 


The setup was operated for 32 days in continuous mode by constantly filling the feed tank with AMD. 
Samples were taken at all sample points and analysed for pH, redox potential, sulfate, dissolved and 
precipitated iron, manganese, aluminium, calcium and magnesium. 


Specifically, AMD was fed into a sedimentation vessel where it was mixed with an alkaline solution 
from the slag vessels. The pH of the mixture was controlled at 9 by adjusting the feed rate of the 
AMD versus of the BOF slag eluate addition rate. Metal oxides, hydroxides and sulfates precipitated 
out of solution and settled at the bottom of the vessel which was occasionally opened to remove 
sediment. The partially treated AMD solution then flowed to the primary DSR vessel (DSR V1). 
This vessel contained 600g of bagasse inoculated with SRB cultures. The AMD promoted hydrolysis 
of the bagasse to release sugars and organic acids which served as the substrate for the subsequent 
DSR by the SRBs with end products including precipitated metal sulfides or H2S. 


Preliminary experiments showed that DSR occurs faster when the liquid and bacteria are no longer 
in direct contact with the organic substrate and a secondary DSR vessel (DSR V2), not containing 
bagasse, was used for this purpose. Accordingly, effluent from DSR V2 served the dual purpose of 
being the treated water for potential release and feedstock for stripping alkalinity from the BOF slag 
vessels (at 17 mL/min). The BOF slag vessels contained 5 kg each of 10 mm minus BOF slag 
particles. In the slag vessels, water leaches hydroxides from the slag and become alkaline. This 
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alkaline solution is fed to the sedimentation vessel as previously mentioned. The remainder of water 
in the water reservoir flows to a water storage tank. 


2.3 Analytical methods 

The metal concentrations of aluminium, calcium, iron, magnesium and manganese were measured 
with an Agilent 2000 series atomic spectrometer. Redox potential and pH were measured using a 
combined pH and ORP meter. Sulfate was measured using turbidimetric spectrophotometric sulfate 
tests [Center for bioprocess engineering research, 2016; American Public Health Association , 1975]. 
Standard concentration solutions were used for each test to obtain relevant calibration equations. 


3. RESULTS AND DISCUSSION 


Samples were taken from the process sample points (S1-S6, Figure 1) every two days over the 32 day 
operational period. The samples were analyzed for pH, redox potential, sulfate, dissolved and 
precipitated iron, manganese, aluminium, calcium and magnesium. Sulfide analysis was done 4 times 
over this period on samples taken from the bagasse chamber to ensure DSR was occurring. A 
selection of the results is presented here to show the functioning and synergy between each section 
of the laboratory AMD treatment setup. 


The purpose of the slag vessels is to house the slag and allow enough time for the water entering the 
vessels to gain sufficient alkalinity. Water exiting the water reservoir is either allowed to flow into a 
storage vessel or is recycled back into the system via the slag vessels, where a rise in pH and alkalinity 
occurs. This is essential for system performance as the pH of the slag vessel outlet stream will directly 
affect the pH of the sedimentation vessel. The largest proportion of metal and sulfate removal occurs 
in the sedimentation vessel (due to pH adjustment), which avoids toxic shocking the SRBs which 
then, in turn, remove sulfate. 


It can be seen from Figure 2 that the pH of the recycled water increases from 7-8 to 11-12 and remains 
relatively constant over the 32-day period. The alkalinity and pH generation in the BOF slag vessels 
can generally be attributed to two processes: (i) the rapid hydration and dissociation of 
lime/portlandite, and (ii) the additional dissolution of Ca-silicate minerals (like rankinite, larnite and 
akermanite) [Gomes et al 2016]. The data from the BOF slag vessel inlet and outlet streams (Figure 
2) confirms this as the pH increase occurs in conjunction with an increase in dissolved calcium in the 
liquid. The magnesium content also increases by 39.6 % over the slag vessel. The reactor ran for 
only 32 days (not including start up), and thus the slag was deemed insufficiently depleted to allow 
for the dissolution of casilicate minerals. The presence of other oxides within the slag does not affect 
the pH rise, as the data showed that there was no increase in concentrations of iron, aluminium or 
manganese. The outlet of the slag vessel entered the sedimentation vessel, along with untreated, raw 
AMD. 


The Sample 3 location (sedimentation tank effluent) concentrations are shown in Figure 3. Sulfate 
concentrations varied between 70 and 340 mg/L, versus the AMD (S1) concentration of 
approximately 15995 mg/L. On average, the metals removal rate from the AMD was: Al (99.09%), 
Ca (78.06%), Fe (99.85%), Mg (96.33%) and Mn (94.77%). It should be noted that this decrease in 
concentration of contaminants is not only due to the induced precipitation of the metals due to higher 
pH conditions, but also in part due to the dilution factor between the AMD inlet and the recycle inlet. 


Chemical precipitation commonly occurs in AMD, even without the onset of remediation 
[Lottermoser 2007], however the amount and rate of precipitation can increase with increasing pH 
[Plasari & Muhr 2007]. The increase in pH is connected with metal precipitation in the form of 
hydroxides [Balintova & Petrilakova 2011], oxyhydroxides or oxyhydroxysulfates [Lottermoser 
2007]. Due to the large decrease in dissolved sulfate, the counter-ion consumed by the metal ions 
during precipitation, in conjunction with the hydroxyl groups, was probably sulfate. 
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Figure 3: Metal and sulfate concentration in sedimentation vessel outlet 


The water exiting the sedimentation vessel entered the primary DSR vessel (DSR V1) where DSR 
occurred under the action of SRB. The decrease in dissolved sulfate over this vessel is shown in 
Figure 4. On average a decreased of 36.25% in sulfate was achieved across this reactor. This is 
similar to findings in the preliminary experiments where a sulfate reduction of 33.6 % was achieved 
under similar conditions. Since SRB are sensitive to pH [Janyasuthiwong et al., 2016], it was initially 
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theorized that a fluctuation in pH as well as the high pH entering the DSR V1 may be inhibiting SRB 
performance. However, as shown in Figure 4, the pH exiting the vessel remained fairly constant, 
with an average pH of 7.2 — very close to the ideal pH for SRBs. The pH entering DSR V1 remained 
fairly constant at an average of 9.2. 
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Figure 4: Sulfate concentration and pH in primary DSR (DSR V1) inlet and outlet 


The difference in pH levels across DSR V1 could potentially confirm SRB functioning, as a drop in 
pH is most likely due to the breakdown and release of organic acids from the sugarcane bagasse (this 
breakdown is attributed to the SRB using the substrate). Another confirmation of SRB activity is the 
presence of sulfide, which was measured in the outlet and averaged at 12.47 mg/L. A 2% drop in 
manganese, an 84% drop in magnesium, a 6% drop in calcium and a 27% average drop in iron was 
measured over DSR V1. 


There was also a large drop in the proportion of precipitated metals found in the liquid sample (S4), 
however, this may be due reactions within DSR V1 or through gravitational settling within the vessel. 
The metals likely precipitated out of the solution as metal sulfides and adhered to the surface of the 
bagasse. 


The outlet of DSR V1 fed directly into the secondary DSR vessel (DSR V2) which did not contain 
sugarcane bagasse. Only manganese, magnesium and calcium decreased in concentration in DSR 
V2, with all other metals increasing in concentration. Sulfate decreased over DSR V2 on average by 
approximately 24.32 %, giving an average final concentration of 116 mg/L. The overall percentage 
change in concentrations for aluminium (from 388 mg/L to 6 mg/L), calcium (from 418 mg/L to 95 
mg/L), iron (from 4256 mg/L to 18 mg/L), magnesium (426 mg/L to 5 mg/L), manganese (from 96 
mg/L to 5 mg/L) and sulfate (from 15995 mg/L to 116 mg/L) over the entire process is shown in 
Figure 5. 
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below 10 mg/L for Al, Fe, Mg, Mn and <200 mg/L for sulfate. Thus, the system showed promising 
the sedimentation tank which lead to very high pH. Future work will focus on 


The AMD was remediated to a pH of between 7 and 8, and heavy metals and sulfate to levels of 
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sedimentation tank into the 5-6 pH range which will also aid in optimizing the ability of the SRBs to 
achieve sulfate removal and metals precipitation. 
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Abstract 

Waste management is a major concern towards sustainable development and natural resources 
savings. In particular, the objectives of worldwide environmental policy are to preserve, protect and 
improve the quality of the environment, to protect human health and to utilize natural resources 
prudently and rationally, by retrieving valuable secondary raw materials. Worldwide, researchers are 
examining the possible utilization of various materials such as End of Life (EOL) Tires, C&D 
(Construction and Demolition) Wastes and WEEE (Wastes from Electrical and Electronic 
Equipment), in many applications. Civil Engineering sector can utilize, under specific circumstances, 
many of those secondary materials for the production of new mixtures based on cement, asphalt or 
soil either as alternatives to natural aggregates or as additives to the mixtures. Moreover, legislation 
in force, concerning alternative management of wastes, makes these efforts more urgent, since all 
European Countries should comply with its demands as far as quantitative and chronicle targets are 
concerned. 


Current paper monitors and evaluates technical knowhow on basic properties of cement products with 
EOL Tires, C&D Wastes and WEEE gained during the last 24 years worldwide. Properties discussed 
are workability, specific weight, air content and compressive strength. Laboratory experiments certify 
that addition of wastes in the production of cement mortars is possible, leading to mixtures with 
satisfactory characteristics as far as strength and durability is concerned. At the same time 
environmental protection is achieved by decreasing the huge amount of wastes generated and by 
increasing natural resources savings. 


Keywords: Solid wastes, EOL Tires, C&D Wastes, WEEE, Cement products, Legislation, Strength, 
Recycling 


1. INTRODUCTION 


Economy growth depends strongly on the infrastructure of the cities mainly composed by buildings, 
roads and geotechnical projects either in the stage of construction or in the stage after the end of their 
life cycle. More frequently used building material is concrete. Given on the one hand that cement and 
aggregates- main constituents of concrete products- play an important role in mixtures properties 
since they occupy the larger volume of about >90% of total one and legislation in force on the other 
hand, alternative management of various wastes in civil engineering applications and especially for 
the production of cement based products is of crucial importance. 


Huge amounts of wastes are generated annually worldwide. As a result, in force legislation demands 
alternative management of either solid or liquid wastes, so civil engineering applications can be the 
solution, since various wastes can be utilized for the production of green concrete products. 
Secondary materials such as tire rubber from EOL Tires, recycled aggregates from Construction and 
Demolition wastes and plastic particles from Waste Electrical and Electronic Equipment, after special 
treatment and in appropriate gradation and percentage, can be reused either as substitute for cement, 


448 


Protection and restoration of the environment XIV 


when performing pozzolana properties, leading to energy consumption savings, or as aggregates, 
since many of these wastes comply with specifications for their use as such. 


So, current review includes brief information regarding up to date situation concerning quantities and 
law demands, as well as regarding the effect of wastes’ addition in cement based products, while 
conclusion section focuses on suggestions for future/additional research. 


2. LEGISLATION CONCERNING WASTE MANAGEMENT 


2.1 End of Life Tires 

Most of tires are derived from land based vehicles (eg cars, trucks) and are constituted by natural 
/synthetic rubber, carbon black, steel cord, polyester, nylon, steel bead wire and other chemicals. EOL 
Tires pose a major environmental issue, since their often illegal disposal affects negatively the 
environment and public health; discarded stockpiles can promote mosquitos development, fire 
hazards, while leaching effects can pollute surface and sub-surface water and soils. 


Since 2000, landfilling of end-of-life tires is banned in all European countries as a result of the 
European Directive 1999/31/EC. As far as Greece is concerned, current relevant Presidential Decree 
109/04 demands that by 31/7/2006, utilization of EOL Tires should be at least 65%, while recycling 
should come up to at least 10%. Ecoelastika is the only legislated system responsible for the collection 
and valorization of EOL Tires, aiming at their alternative management taking into account 
environmental and economic criteria and the law. Data related to EOL Tires amount as well as on 
their alternative management in Greece can be found on figures 1,2 and 3, respectively 
(http://ecoelastika.gr). 
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Figure 1: New tires (first green column) and collected (second blue column) EOL Tires in 
Greece 
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Figure 2: Energy recovery (in red) and recycling (in green) of EOL Tires in Greece 
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Figure 3: EOL Tires in Collective spaces (in red), in processing units (in green) and total 
quantity (blue line) in Greece 


2.2 Construction and Demolition Wastes (C&DW) 

Construction and demolition wastes (C&DW) is one of the most voluminous waste streams generated 
worldwide from activities such as the construction and/or total or partial demolition of buildings and 
civil infrastructure after their reach the end of their life cycle, road planning and maintenance actions. 
Especially for Europe, it accounts for approximately 25% - 30% of all waste generated in the EU and 
consists of materials such as concrete, bricks, wood, glass, metals, plastic, solvents, asbestos and 
excavated soil. There is a high potential for recycling and re-use of C&DW, since some of its 
components have a high resource value (eg concrete, bricks and metals). In particular, there is a re- 
use market for aggregates derived from C&DW waste in construction projects based on cement, 
asphalt and soil. Technology for the separation and recovery of construction and demolition waste is 
well established and easily accessible http://ec.europa.eu/environment/waste/studies/deliverables- 


/CDW_Greece_Factsheet_Final.pdf. 


One of the objectives of the “Regulating issues of the Ministry of Environment, Energy and Climate 
Change” Directive (2008/98/EC) is to provide a framework so Member States shall take the necessary 
measures designed to achieve that by 2020 a minimum of 70% (by weight) of non-hazardous 
construction and demolition waste excluding naturally occurring material defined in category 17 05 
04 in the List of Wastes shall be prepared for re-use, recycled or undergo other material recovery" 
(including backfilling operations using waste to substitute other materials). 


Table 1: Quantities and % recycling of generated CDW in different EU member states in 


2006 

Country RCD * % Recycled Country RCD * % Recycled 
Denmark 5.27 94% Malta 0,8 0% 
Estonia 1,51 92% Netherlands 23,9 98% 
Finland 5,21 26% Poland 38,19 28% 
France 85,65 45% Portugal 11,42 5% 
Germany 72,40 86% Romania 21,71 0% 
Greece 11,04 5% Slovakia 5,38 0% 
Hungry 10,12 16% Slovenia 2,00 53% 
Ireland 2,54 80% Spain 31,34 14% 
Italy 46,31 0% Sweden 10,23 0% 
Letonia 2,32 46% UK 99,10 75% 
Lithuania 3,45 60% EU-27 531,38 46% 


Luxembourg 0,67 46% 


* million tones. 


Source: http://ec.europa.eu/dgs/environment/index_en.htm 


According to Table 1, the recycling rate for C&DW in Denmark, Estonia, Germany, Ireland and the 
Netherlands is very high >70%, so the 70% of 2020 EU recycling target is already exceeded. The 
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major part of the C&DW is mineral waste (concrete waste, bricks) which is currently used as 
aggregate in roads, parking areas or in embankments. However, there are other countries, including 
Greece, that recycle much smaller amounts of wastes. 


The management of Construction and Demolition Waste in Greece faces several challenges and 
appears to be significantly underperforming, despite the existing quite rich legislative framework 
concerning the management of C&DW which is in place since 2010 with several new legislation, 
regulations and amendments following up since then. In particular, the legislative framework for 
waste management in Greece is defined by Law 4042/2012-“Penal protection of the environment”, 
which complies with Directives 2008/98/EC and 2008/99/EC “Framework for waste generation and 
management”. Further legislation, regulations and guidelines concerning C&DW in Greece includes 
mainly the Joint Ministerial Decision (JMD) 36259/1757/E103 of 2010 stipulating measures, 
conditions and programmes for the alternative management of excavation, construction and 
demolition waste (ECDW), Law 4030/2011 and especially article 40, which describes permit issuing 
provisions for C&DW treatment facilities in inactive quarries and the rules for accepting and 
managing CDW in these treatment facilities, Law 4067 of 2012, where Article 17 stipulates that for 
the construction of any building and the landscaping of the building surroundings, the provisions of 
the relevant legislation for alternative management of waste from excavation, construction and 
demolition waste should be applied, Circular 13 of the Ministry of Environment, Energy and Climate 
Change No. 4834 of 25 January 2013 with subject the ‘Management of excess excavation materials 
from Public Works - Clarifications on the requirements of the JMD 36259/1757/E103/2010’, 
exempting the management of excess materials from excavation activities during public works 
through the certified systems of alternative C&DW management, as long as the excess material is 
handled in sound environmental manner, Commission Decision 2011/753/EU establishing rules and 
calculation methods for verifying compliance with the targets set in Article 11(2) of Directive 
2008/98/EC of the European Parliament and of the Council14. 


Quantitative data concerning 2012, indicates that about 815 thousand tonnes of C& DW was 
generated, of which only 2.7 was recovered (including backfilling), while the rest was sent to landfills. 
C&DW generation is decreasing steadily since 2010, due to the significant slowdown in the 
construction sector; however, given that many building and infrastructure projects are reaching the 
end of their life cycle, these amounts are expected to be increased in the future. 


Additionally, preliminary data for 2014, estimates that the actual C&DW recovery performance of 
Greece lies approximately between 12-15%. However, those data are relative, since large quantities 
of C&DW are illegally managed, through landfilling/ illegal deposit in natural sites preferably in 
remote locations which are difficult to be detected http://ec.europa.eu/environment/waste/studies/- 


deliverables/CDW_Greece_Factsheet_Final.pdf. 


2.3 Waste of Electrical and Electronic Equipment (WEEE) 

Waste of Electrical and Electronic Equipment (WEEE) is one the fastest growing waste streams in 
the EU, with approximately 9 million tonnes generated in 2005, and expected to grow to more than 
12 million tonnes by 2020. Such wastes include Tv’s, fridges, cell phones, cables electric 
switchboards, distribution boards, circuit breakers and disconnects, electricity meter, transformers 
etc. Main characteristic of some of those devices is their hazardous content, which if not properly 
managed, can cause severe environmental and health issues. This is also why this sort of waste should 
be separated collected. 


The relevant Directive (WEEE Directive) is the European Community Directive 2012/19/EU 
on Waste Electrical and Electronic Equipment (WEEE) which followed Directive 2002/96/EC and is 
in accordance with RoHS Directive 2002/95/EC. The legislation requires heavy metals such as lead, 
mercury, cadmium, and hexavalent chromium and flame retardants such as polybrominated biphenyls 
(PBB) or polybrominated diphenyl ethers (PBDE) to be substituted by safer alternatives. From 15 
August 2018 onwards the scope of the Directive is widened to include all EEE. The Directive aims 
to prevent or reduce the negative environmental effects resulting from the generation and 
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management of WEEE and from resource use. As reflected in the Directive’s recital 6, its key purpose 
is to contribute to sustainable production and consumption by, as a first priority, the prevention of 
WEEE and, in addition, by the re-use, recycling and other forms of recovery of such wastes. The 
Directive thus incorporates the waste hierarchy as established in Article 4 of Directive 2008/98/EC 
on waste (http://ec.europa.eu/environment/waste/weee/index_en.htm). 


The new WEEE Directive (2012/19/EU of the European Parliament and the Council of 4 July 2012 
on waste electrical and electronic equipment) introduces a collection target of 45% of electronic 
equipment sold that will apply from 2016 and, as a second step from 2019, a target of 65% of 
equipment sold, or 85% of WEEE generated. The new collection targets agreed will ensure that 
around 10 million tons, or roughly 20kg per capita, will be separately collected from 2019 onwards. 
Article 11 (in combination with annex V) sets the recycling targets for the different product 
categories. 


Regarding Greece, approximately 80 to 115 million tonnes of WEEE are estimated to be generated 
annually. Those wastes are classified of high priority, because of their hazardous content, of their 
continuously increase and of their negative effect on the environment. 


The only legislated system for the proper management of all categories of WEEE is Recycling of 
Devices, which is responsible since 2004 (MD 105134/2004) and till 2018 (https://www.eoan.gr). 


As far as quantitative targets set by legislation (JMD 23615/2014), a minimum of 50-55% of total 
WEEE shall be recycled and 70-75% shall be recovered. However, these percentages vary for 
different materials which are included in Annexes I, II and II of the law. 


3. CEMENT PRODUCTS WITH WASTES 


Studies on the use of secondary materials-from wastes- either as coarse or fine aggregates in concrete 
and cement mortars is possible, when such particles are used with the appropriate method and in the 
appropriate gradation and percentage. Main research has been focused on the production of new 
concrete mixtures with the use of various wastes, in order to examine the effect of their gradation to 
the mixtures properties, while only few studies include examination of this effect on cement mortars. 
Following, indicative laboratory results are briefly presented. These results examine the sole or 
combined use of EOL Tires, C& DW and Electrical and Electronic Equipment for the production of 
new cement based concrete and mortars. 


3.1 Properties of cement products with EOL Tires in fresh and hardened state 

Workability is defined as the mixture’s property to be properly managed in fresh state. Addition of 
coarse rubber particles results in mixtures with increased workability, while addition of fines has an 
opposite effect (Khatib and Bayomy, 1999). However, addition of rubber particles even coarse ones 
in more than 40% per volume gives mixtures with zero workability, so the mixture is not at all 
workable. This fact is attributed to the high viscosity of aggregates, given the increased friction 
between tire rubber particles and the rest of the mixture as well as on the decreased mixtures’ density. 
As far as cement mortars is concerned, according to Raghavan et al (1998), performance of mortars 
with tire rubber is better or similar to the one of reference mixture, while use of rubber particles as 
substitutes for fine ones at 100%, results in a decrease of workability up to 17% (Mavridou, 2010). 


Specific weight of rubberized concrete (rubcrete) decreases by the increase of rubber substitute’s 
percentage. This is mainly due to the lower specific weight of rubber compared to the one of natural 
aggregates, occupying, especially when used as fines, at the same time more volume (El-Dieb et al, 
2001). According to Eldin and Senouci (1993) the decrease in specific weight comes up to 25% with 
fully substitution of coarse aggregates and to 10% when 33% of fines are replaced with rubber (Li et 
al, 1998). As far as cement mortars is concerned, use of tire rubber particles as substitute for cement 
causes decrease in specific weight of the mixture (42% for 50% substitution of cement by rubber 
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according to Benazzouk et al, 2007, while for 100% substitution of the sand the decrease comes up 
to 46% (Mavridou, 2010). 


Air content: addition of rubber particles in concrete results in an increase of air content, even when 
air additive is not used (Siddique and Naik, 2004). Gradation of rubber particles plays a significant 
role on air content, since fine rubber particles leads to a higher increase of air content as compared to 
coarse ones for percentages of >20% (Khatib and Bayomy, 1999). This can be attributed to the trend 
of rubber particles to repel water and to include air in their tough surface. As far as cement mortars 
is concerned addition of tire rubber caused a negligible increase of 2% in air content. 


Compressive strength: Addition of rubber particles in concrete may cause a significant decrease in 
compressive strength when added in high percentages >5% (Li et al, 2004; Turatsinze et al, 2005; 
Ganjian et al, 2009; Blessen and Gupta, 2016). However, regarding strength development, rubber 
seems to increase prime strength, while decreasing strength at 28 days and for addition of rubber 
particles more than 20 per volume (Khatib and Bayomy, 1999). Strength decrease can be attributed 
to three reasons: first of all, rubber is a material with increased elasticity compared to the rest of the 
mixture, so developed cracks are monitored peripheral to rubber particles leading to failure at a lower 
load. Secondly, rubber particles can act as voids, so mixture’s structure is weaker. Finally, strength 
of concrete is mainly based in the shape, density and hardness of coarse aggregates, so when those 
are replaced with ones of lower hardness, a strength loss is the result (Mehta and Monteiro, 1993). In 
particular, factors such as percentage, gradation, way of mixing and surface of rubber particles may 
cause strength’s loss, while this loss is higher when coarse aggregates are replaced (Topçu, 1995). 
Optimum percentage of rubber particles used is 50% and 25% per volume for fines and coarse ones, 
respectively (El-Dieb et al, 2001), while decrease comes up to 85% and 65%, with fully replacement 
of coarse and fines respectively (Eldin and Senouci, 1993). 


Moreover, particles surface plays an important role on strength’s development, since their surface is 
strongly related to the bonding between particles and the rest of the mixture, leading to increased 
strength (Nehdi and Khan, 2001). Many researchers examined ways of changing particles surface. 
Means for this change can be by rinsing with water, with saturated NaOH solution [rubber includes 
zink stearate which causes strength’s loss, so by rinsing with NaOH, zink is removed and 
homogeneity is increased (Segre et al, 2002)]; with HNO; and H2SOs4 solution, by the use of coupling 
agents, etc (Siddique and Naik, 2004). 


According to Rostami et al, 1993, concrete with rinsed with water rubber particles shows improved 
strength by 16%, while the increase by the use of solvent can come up to 57%. Moreover, addition of 
latex can cause improvement of the bonding between rubber particles and the rest of the mixture, so 
strength is increased (Lee et al, 1998). 


As far as cement mortars is concerned, 30% replacement of fines causes a decrease in strength up to 
55-80%, for different water to cement ratios (Turatsinze et al, 2006, Mavridou 2010). Furthermore, 
mortars with rinsed rubber particles- either with water or NaOH causes an increase in strength up to 
19%, while addition of latex and bitumen anionic emulsion increased strength ranging between 10 
and 21%, respectively (Mavridou, 2010). 


3.2 Properties of cement products with C& D Wastes in fresh and hardened state 

Recycled aggregates (REC) can be used for the production of new concrete mixtures and cement 
mortars, respectively with quite satisfactory characteristics (Dapena et al, 2011). However, often, 
C&D Waste’s composition is not steady, while there is no CE for those materials, so since they may 
generate from buildings of different age, different concrete category etc, the recycled C& DW at the 
output of the recycling process should comply with standards and must have technical criteria similar 
to that of the natural products in order to be used for construction activities. 


Main problem of recycled aggregates (REC) is related to the increased water absorption (Poon et al, 
2004), which is due to the cement paste attached in recycled aggregate’s surface. This fact results in 
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decreased mechanical strength, since for specific w/c ratio, recycled aggregates absorb significant 
water content, so cement’s hydration is limited. 


Researches on conventional concrete with recycled aggregates lead to the following results: 


e A decrease in workability, an increase in air voids, as well as a decrease in compressive strength 
has been monitored (Khatib 2005; Xiao et al, 2018). This decrease is influenced by recycled 
aggregates gradation and is higher for fine aggregates substitution by recycled ones (Evangelista 
and de Brito, 2007). 


e However, concrete mixture with recycled coarse aggregates and conventional fines, can have a 
slightly higher compressive strength compared to conventional one by up to 5% (~47MPa), which 
indicate that the use, mainly of coarse aggregates, has potential and can lead to mixtures with 
satisfactory characteristics and similar to the ones of mixtures with natural aggregates. Moreover, 
such mixtures can be cost effective. In particular, when recycled coarse aggregates substituted 
natural ones of the same gradation, the price of concrete mixture came up to 55.05€/m3, while 
conventional mixture costs 55.65€ (Mavridou and Oikonomou, 2009). This difference in cost can 
be increased by the wider use of recycled aggregates in public and private construction projects, 
so secondary’s material cost will be decreased. 


As far as self compacted concrete is concerned, the optimum percentage of substitution of fines by 
recycled aggregates has been found to be 30% w/t of the aggregates (fine and coarse ones) while 
compressive strength of the mixture came up to 28.48MPa with a cost of 66.58€/m? (Mavridou et al, 
2013). 


Moreover, light transmitting concrete with recycled aggregates has also been examined. REC 
replaced natural aggregates. According to laboratory results, transparent concrete with plastic optical 
fibres and recycled aggregates show satisfactory characteristics, while compressive strength at 28 
days can come up to 22MPa for percentage of optical fibres 1.04v/v (Mavridou et al, 2018). 


Regarding cement mortars, recycled aggregate- recycled sand (RS) - can replace part of the fine 
aggregate fraction (Neno et al, 2014). However, due to the high demand of RS for water, as expected, 
mixtures are of worse mechanical strength and of lower workability (Westerholm et al, 2008). For 
replacement of standard sand by 50% of recycled sand, compressive strength is found to decrease by 
47%. As far as workability is concerned, it can be improved by the addition of superplastisizer at a 
percentage of 1.25% for RS replacement of 50 and 75% of sand (Ferro et al, 2015). Another research 
of Behera et al, 2014, examined the effect of washed recycled sand in mortars properties. According 
to laboratory results, washing and sieving of the recycled aggregates can give mixtures with 
satisfactory and even equal to reference mixture’s characteristics given that an additional amount 
(1%) of super plasticizer is added. 


3.3 Properties of cement products with Wastes from Electrical and Electronic Equipment in 
fresh and hardened state 

There are quite few studies on the use of WEEE in cement based products (Mahdi 2017; Vishwakarma 

and Ramachandran, 2018). However, preliminary studies include WEEE’s use as alternative to 

conventional aggregates or as additives to the cement products. 


An experimental study has been made on the utilization of E-waste particles as fine and coarse 
aggregates in concrete with a percentage replacement up to 30% by weight of cement on the strength 
criteria of M20 Concrete (design compressive strength of 20MPa). Addition of e-waste plastic was 
found to decrease mixtures’ workability, density and compressive strength by increasing plastic 
percentage, while strength’s value reached 44MPa for 10% addition of e- waste plastic. Moreover, in 
such mixtures, given the weak bonding between plastic aggregates and cement paste, the effect of 
water to cement ratio is not prominent. Furthermore, addition of plastics in concrete tends to make 
concrete ductile, hence increasing the ability of concrete to significantly deform before failure, 


454 


Protection and restoration of the environment XIV 


increasing mixtures’ durability against harsh weather such as expansion and contraction, or freeze 
and thaw (Aswini Manjunath 2016). 


Subramani and Pugal (2015) examined the suitability and advantages of the use of recycled plastics, 
and especially of Polyhydroxybutyrate (PHB) as coarse aggregates in concrete. Plastic has replaced 
coarse aggregates by 5-15% wt of the aggregates leading to mixtures with strength comparable to the 
one of the reference mixture (~25MPa). However, in percentages >20%, plastic was found to have 
detrimental effect on mixtures strength. 


Another research of Lakshmi and Nagan (2010) for the replacement of up to 30% of coarse aggregates 
by e-waste ones lead to concrete with good strength gain for relatively low percentages (<4%) of 
plastic (~20MPa), while Prasanna and Rao (2014) found that compressive strength of concrete was 
optimum when coarse aggregate is replaced by 15% with E-Waste reaching a value of ~31 MPa. 
These differences in strength for various e-wastes percentages are attributed to raw materials 
properties- eg chemical composition, gradation-, to water to cement ratio as well as to the treatment 
method of e-waste. 


The usage of e-waste to make Green Concrete can reduce the land-filled or disposal problems of the 
E-waste materials. Especially, plastics can be used to replace some of the aggregates in a concrete 
mixture, contributing mainly to reducing the unit weight of the concrete. This is useful in applications 
requiring non-bearing lightweight concrete, such as concrete panels used in facades. 


3.4 Properties of cement products with the combined use of EOL Tires, C& D Wastes and 
WEEE in fresh and hardened state 

Even though there are many studies on the sole use of wastes in cement based products, there is only 
little on the combined use of solid wastes. In Greece, recent laboratory experiments have been 
conducted on the combined use of such materials (both recycled aggregates and rubber tire, or 
recycled aggregates, rubber tire and plastic from EEE) for the production of cement mortars. First 
step was the examination of basic properties such as gradation curve, water absorption and sand 
equivalent of raw materials according to European Specifications. Following, cement mortars have 
been produced and examined as far as their properties in fresh and hardened state are concerned. 
Fresh state properties included workability, specific weight and air content, while in hardened state 
tests on specific weight, flexural and compressive strength and water absorption have been conducted. 
According to laboratory results, addition of recycled aggregates at percentage up to 40% w/t of the 
sand and tire rubber at a percentage of 2,5% w/t of the sand results in a decrease on the strength of 
the mixtures. Moreover, as expected, both recycled aggregates and tire rubber gave mixtures with 
decreased workability and strength (~25MPa). However, mixture including all three wastes resulted 
in compressive strength of more than 20MPa, value quite high for cement mortars. 


4. CONCLUSIONS- FUTURE RESEARCH 


Waste streams such as EOL Tires, C&D Wastes and WEEE pose a significant health and 
environmental concern if not recycled and/or discarded properly. Management issues of such wastes 
are relatively complicated; on the one hand the high availability of conventional raw materials, while 
on the other hand the recent legislation, which public organizations and construction involved people 
are not so familiar to, makes the problem more difficult to deal with. 


All wastes may have many secondary uses; EOL Tires can be a low cost source of fuel in power 
plants, while they can be used in a variety of civil engineering projects such as embankments, backfill 
for walls, for the production of rubber-modified asphalt (resulting in reduced traffic noise), 
lightweight concrete, sports fields, ground cover in playgrounds etc. Their characteristics (light 
weighting, permeability, insulating properties, shock and noise absorbing) make them excellent 
materials for these uses. Furthermore, all waste streams are a resource that can be used as substitutes 
for natural aggregates, reducing resource depletion and lowering environmental costs associated with 
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natural resource exploitation. So, over the years, more and more researchers examine the possible use 
of these wastes in various applications and especially into concrete products. 


This review summarizes the main advances in the use of EOL Tires, C&D Wastes and WEEE in 
concrete and cement mortars. The general findings monitored in current paper may vary from others, 
since any change in materials characteristics, proportions of the ingredients, mixing and curing 
procedure as well as use of admixtures or additives may lead to slightly different conclusions. 


In general, and in most of the cases addition of wastes, especially in fine gradation and in relatively 
high percentage, in cement based products, may result in the production of mixtures with decreased 
workability, increased air content, decreased specific weight and compressive strength. 


Modified with wastes cement products can be advantageous for special applications where the main 
request is not for mechanical properties. Such applications are in the production of sound barriers, of 
pedestrian and cement blocks, as lightweight concrete walls, in stabilized base layers in flexible 
pavements, building facades and architectural units as well as in structures exposed to aggressive 
environments where high resistance to chloride ions penetration is required. 


The use of such wastes, even in small percentages, in concrete can have additionally 
numerous indirect benefits such as reduction in landfill cost, saving in energy, and protection of 
the environment from possible pollution effects, while at the same time, cement products with 
satisfactory characteristics are provided. 


However, further researches should focus on the improvement of the bonding between the wastes and 
the rest of the mixtures, so as to give mixtures with both increased mechanical characteristics and 
improved durability performance. This improvement may be achieved by the use of appropriate 
chemicals/ additives, by cleaning secondary materials, by modifying their surface as well as by 
combining appropriate percentage and gradation of wastes included. 
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Abstract 

The water balance method was used to develop a landfill leachate management and monitoring 
software, on behalf of the Regional Association of Solid Waste Management Agencies of Central 
Macedonia (RAACM). The aim of the software is to monitor and estimate the leachate generation 
rate in each landfill operating in the region. It can be used retrospectively where no direct flow 
measurement is possible, and also as a design tool for future leachate management works under 
different scenarios. A web-based application was selected, since large spreadsheets can be error 
prone, and to overcome difficulties arising from the large geographical dispersion of the landfills. A 
monthly step is used for the estimation of the generation rate and the performance of each wastewater 
treatment plant (WWTP) is evaluated by modeling the hydrologic and hydraulic conditions in each 
landfill. The innovation of this software is that it estimates leachate generation for landfills that are 
in operation, when most of the existing tools (e.g. HELP) are for inactive sites. 


During the development of the software, a group of assumptions were tested for their influence in the 
leachate generation rate. According to the results of water balance that was applied to Mavrorachi 
landfill for the period 2008-2017, separating the landfill in lifts results in leachate generation rates 
that differ up to 22% from those calculated without separating it. Nevertheless, other parameters, such 
as the precipitation distribution between different lifts, that are difficult to estimate or collect monthly, 
affect the calculation of leachate generation rate very little (1-5%). 


Keywords: Sanitary landfill, Water balance, Leachate management, Environmental tools, Solid 
waste management 


1. INTRODUCTION 


Landfills still constitute an important part of any waste management system and will continue to do 
so in the foreseeable future, as final sinks for non recyclable or hazardous materials (Brunner, 2013; 
Kral & Brunner, 2014; Scharff, Hansen, & Thrane, 2014). Despite efforts to the contrary, in Greece 
an average of ca. 82% of Municipal Solid Waste (MSW) were still landfilled in 2016 (Brennan et al., 
2016; EUROSTAT, 2018). One of the most significant environmental impacts of landfills, emanating 
inter alia from the long operational periods and even longer aftercare and final stabilization times, is 
leachate generation (Christensen, 2010; Scharff et al., 2013). When designing leachate management 
works, such as WW'TPs, estimating and predicting accurately the leachate generation rate has many 
environmental and economic benefits. A large underestimation of landfill’s leachate generation rate 
could result in many WWTP operation failures and severe environmental impacts. On the other hand 
overestimation of landfill’s leachate generation rate results in oversized and unnecessary WWTPs 
with large investment and operating costs. 


459 


Solid waste management 


The RAACM operates ten active MSW landfills and two sites under aftercare, along with their 
corresponding WW'TPs. Through the years the landfills continuously receive waste, so their capacity 
and the leachate generation rate are raised. Correspondingly, the leachate management works need 
upgrades which are designed by estimating the leachate generation rate. 


In order to optimize the estimation, a platform is developed where landfill data are input, and through 
a complex algorithm that uses the water balance method the leachate generation rate is calculated. 
The water balance method used in its analytical form, as presented by (Tchobanoglous et al, 1993) 
separating the landfill in lifts. Available tools such as HELP (Schroeder et al, 1994) are less suited 
for use on landfills in operation (Athiniotou et al, 2012). 


2. MATERIALS AND METHODS 


2.1 Theoretical background 

The most common method for estimating the leachate generation rate in landfills is the water balance 
method. This method takes into account all the water inflows in the landfill and subtracts the water 
losses (Figure 1). The most significant inflow parameters are the amount of precipitation that is 
infiltrated, the moisture from fresh MSW and leachate recirculation. The losses are due to landfill gas 
formation (a part is consumed during biodegradation and another escapes as vapor with landfill gas). 


Another very important parameter is the field capacity of MSW, since it determines the amount of 
leachate generated from each lift and finally onto the Leachate Collection and Removal System 
(LCRS), as generally reported in the literature (Frikha et al, 2017), and demonstrated in this study. 


Figure 1: Water balance applied in a sanitary landfill 


2.2 Infiltration 
The infiltration is the amount of precipitation that falls on the landfill and passes through the daily 
cover. It can be estimated by the following equation: 


PERSW = P—R-ET-ASy (1) 
Where: 


PERSW = amount of water percolating through the unit area of landfill cover into compacted 
solid waste (mm) 


P= amount of precipitation per unit area, (mm) 
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R= amount of runoff per unit area (mm) 
ET= amount of water lost through evapotranspiration per unit area (mm) 
ASLC = change in the amount of water held in storage in a unit volume of landfill cover (mm) 


Precipitation (P): Precipitation can be estimated from data obtained from weather stations inside or 
near the landfill area. In case of weather stations not inside the landfill area, the data are adjusted 
according to the altitude difference. 


Evapotranspiration (ET): Evaporation is the process where liquid water is converted to vapor and 
escapes from the evaporating surface. Transpiration consists of the vaporization of liquid water to the 
atmosphere via plant roots. 


In order to estimate the ET from landfill cover the Potential ET (PET) is calculated. PET is considered 
as the amount of ET when there is excess of water in the landfill cover. The most widely used 
equations for estimating PET are Penman-Montheith and Thornthwaite’s. The first is more accurate 
but needs more data such as mean temperature, wind speed, humidity and solar radiation. 
Thornthwaite’s equation is simpler because it requires only the mean temperature as input. For the 
development of software the Thornthwaite’s equation is used because it is the simplest one and the 
differences in the leachate generation estimation are small. 


Mean temperature can be estimated from data obtained from weather stations inside or near the 
landfill area. In case of weather stations not inside the landfill area, the data are adjusted according to 
the altitude difference, as with precipitation. 


Run-off (R): Run-off is the amount of precipitation that flows in the surface of landfill cover, is 
collected from the perimeter drainage trench and is not infiltrated inside the landfill body. Run-off is 
the most difficult parameter to estimate in active landfills because the hydraulic characteristics of 
surface area change dynamically. So, to calculate the water balance, in short time periods, ideally per 
month, the landfill must be divided into segments with common hydraulic characteristics. 


Run-off is calculated as a percentage of the precipitation, according to the following equation: 
R=CrP (2) 
Where: 

Cr = run-off co-efficient (dimensionless) 


Run-off co-efficient is an empirical dimensionless constant with values between 0 (no run-off) and 1 
(100% run-off). For landfill applications, the value of Cr depends on landfill cover’s slope and soil 
composition. 


Figure 2 presents a hypothetic and quite simple landfill state where A1 represents the part of landfill 
that has no waste in place yet, and A2 and A3 represents the parts that are filled with MSW. The slope 
of the bottom is towards A3. Each part has a different hydraulic behavior which is described as 
follows: 


Part Al: Precipitation that falls on part Al area flows directly onto the drainage layer of the (LCRS) 
and ends up to the lowest point of the landfill where leachate is collected. In this part there is no 
amount of precipitation that is drawn away to the perimeter drainage trench and run-off equals 0. 
Evapotranspiration also equals 0 because the water is quickly infiltrated through the drainage layer 
to the lowest point of the landfill. 


Part A2: Precipitation that falls on part A2 flows at Al area and run-off have the same behavior with 
Part Al. Evapotranspiration is normally calculated because precipitation falls in the cover of landfill 
where the infiltration is slow. 


Part A3: Precipitation that falls on part A3 flows over the landfill cover to the perimeter drainage 
trench T. Both run-off and evapotranspiration are normally calculated. In this case part A3 is further 
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divided in two parts, one part where the cover has high slope and run-off co-efficient and one part 
where the cover has low slope and run-off. 


Figure 2: Hypothetic scenario of a landfill’s operating state 


2.3 Recirculation 

Recirculation is the process where leachate is returned into the landfill body in order to keep the 
moisture of the MSW in a desired level to accelerate waste settlement, stabilize the waste mass and 
also accelerate the start of methanogenesis and gas generation. If there are no flow meters in the 
recirculation pumps of the WWTP a mass balance approach has to be used. 


2.4 MSW moisture — field capacity 

MSW moisture is one of the most important parameters of leachate generation. Moisture is related to 
the organic fraction that is contained in MSW. The amount of water that compacted MSW can retain 
is known as field capacity and depends on compaction due to overburden mass. 


Field capacity can be estimated as percentage of the dry weight of the MSW in landfill from the 
following equation (Tchobanoglous & Kreith, 2002): 


FC = 0.6 — 0.55'W / (5.44 + W) (3) 


Where: 
FC = field capacity of waste as fraction of dry weight (%) 
W = the overburden weight at the mid height of the waste per surface unit (tn/m7) 


The amount of water the can be retain in waste is: 


Where Wdry = dry waste weight (tn) 
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2.5 Leachate losses 
There are two main processes in landfill that contribute to water losses: formation of landfill gas and 
escape as water vapor. 


Formation of landfill gas. Leachate is consumed during the anaerobic decomposition of the organic 
constituents in MSW. The amount of water consumed by the decomposition reaction can be estimated 
per cubic meter of gas produced and is in the range from 0,192 to 0,24 kgr H20/m°. 


Water vapor. Landfill gas usually is saturated in water vapor. The quantity of water vapor escaping 
the landfill is determined by assuming the landfill gas is saturated with water vapor. The numerical 
value for the mass of water vapor contained per cubic meter of landfill gas at 32,2°C is about 0,0352kg 
H2O/m? landfill gas. 


Both leachate losses are calculated as fraction of the landfill gas produced. Landfill gas generation is 
estimated using LandGEM software methodology. Methane generation rate is calculated considering 
that the biodegradation process follows first order kinetics. 


A M (tn) mass of MSW in landfill, produces landfill gas according to the equation: 
Qcua = kLoM'e™ (5) 
Where: 
Qcr4 = methane generation rate per year (m?/yr) 
k = methane generation rate co-efficient ( = 0,05yr!) 
Lo = potential methane generation per MSW mass (=170m°/tn) 
t = time passed from the disposal of MSW (yr) 
Landfill gas contains approximately 50% methane so it is easy to be calculated when methane 


generation is known. 


2.6 Water balance algorithm 
The water balance method is applied in each landfill lift separately in order to calculate the leachate 
generation. The step by step algorithm is described as follows: 


Step 1. The infiltration rate is calculated from the landfill cover to the upper lift of wastes. 


Step 2. Starting from the upper waste lift of landfill, the outflow is calculated with the following 
equation: 


Woi = War + Wa - Sw - Wg (6) 
where: 

Wn = outflow from the upper waster lift to lower (m°) 

War = water entering from the upper of the lift (m°) = PERsw 

Was = moisture of new waste disposed (m°) 

Sw = water that can be retained in the waste due to field capacity (m°) 

Ws = water losses due to gas formation 
Step 3. Equation (5) is used to solve all lifts from upper to the bottom taking into account that: 
Wo1i-t = Wari (7) 
Where i refers to the waste lift located bellow lift i-1. 


Step 4. The leachate outflow from the last waste lift (Wb1,0), the lowest lift at the landfill is the leachate 
generation rate of the landfill that can be collected through the leachate collection system to WTP. 
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2.7 Software requirements and development 

Since the RAACM owns and operates a large number of sites with a significant geographical 
dispersion, there is a need for many users to enter a lot of data from many different locations, in order 
to estimate leachate generation on site, for each site. Furthermore, large spreadsheets can be error 
prone and difficult to manage and maintain. 


Therefore, software was developed to work as a web-based application, allowing remote access. Its 
goal is to serve as a management and decision support tool. All data is stored in a database which has 
been built using MySQL. The water balance calculation has been developed in PHP, a widely-used 
open source scripting language that is especially suited for web development and can be embedded 
into HTML. 


The front-end environment for entering data, results and diagram presentations, was developed with 
Javascript, CSS and HTML. 


3. RESULTS AND DISCUSSION 


3.1 Evaluation of assumptions 
Many parameters or data that need to be input to the water balance can be difficult to measure or 
estimate. Their influence on the results is evaluated below. 


Separating the landfill in lifts. When MSW is disposed in a landfill, they are placed in lifts. To 
calculate the water balance for each lift, many parameters need to be monitored (area, weight, MSW 
disposals etc). A more simplified assumption that is widely used in landfill design is to consider the 
landfill as a single rectangular mass (Figure 3). 
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Figures 3-4: Simplified shape of landfill - Shape of landfills with lifts 


Rain distribution in each lift. When the rain is falling onto the landfill cover, each lift receives an 
amount of rainwater that is related with its exposed area. Although this reflects reality better, it is 
difficult to estimate the exposed area of each lift, especially when the landfill has many lifts and water 
balance is applied monthly. In this case, a simplifying assumption is to consider that all the rain is 
falling and infiltrated in the cover of the top most lift (Figure 4). 
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Figure 5-6: Rain falls only in the upper lift of landfill - Rain divided according to the exposed 
area of each lift 
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Conditions in the area where landfill’s cells are in contact. Large landfills are often designed with 
multiple disposal sites (cells) to minimize the catchment area of the MSW disposal. When a cell is 
filled with MSW to capacity, a new cell opens to receive waste. The lifts, as they develop vertically, 
always lean to the old cell, so for some years they behave as one cell (Figure 5). In order to apply the 
water balance, two different assumptions can be considered, none of which reflects reality 100%. 


Assumption 1. The water balance is applied separately for each cell, considering that there is no 
hydraulic connection between them. This assumption has two major problems: (a) the weight of one 
basin’s lifts (e.g. TB3 in Figure 5) is not taken into account while the water balance is applied to the 
other cell (e.g. TA3 in Figure 5) and (b) it is considered that leachate produced in cell A does not leak 
into cell B. 


Assumption 2. It is considered that there is no hydraulic separation between the cells and the new one 
is an extension of the old one, e.g. lift TB1 is actually the extension of lift TA1 (Figure 5). The main 
problem of that assumption is that when a new lift is placed, e.g. TB3, its area is increased and 
according to equation (3) the field capacity of the waste in lift TA3 (+TB3) is raised, affecting the 
leachate generation rate. 
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Figure 7: Typical landfill cross section with two waste disposal basins 


3.2 Application results 

The landfill at Mavrorachi is chosen to apply the water balance method and evaluate how the 
assumptions affect the leachate generation. Mavrorachi landfill is located in municipality of Lagadas 
and accepts the MSW from all the Prefecture of Thessaloniki, about 450.000 tn/yr. All available data 
is used for the years 2008 (opening date) to 2017. 


The evaluation criterion that is chosen is the cumulative leachate generation and the mean leachate 
generation rate per year. The results of the evaluation for each of the assumptions is presenting below. 


Separating landfill in lifts. Water balance was applied for the period 2008 — 2017. The mean leachate 
generation rate when the landfill’s shape is simplified differs up to 22% (Table 1) from the scenario 
where the landfill is divided in horizontal lifts. The cumulative leachate generation has large 
differences in the beginning of operation but through the years it is stabilized around 3%. However, 
when a new waste disposal cell started to operate (2015), it affects the difference and raised it to 5- 
10% (Figure 6). The peak of approximately 80% difference in cumulative leachate generation 
happens because in the beginning of the operation of landfill the first lift was small (two month 
disposal), so the overburden weight of the second lift causes a high reduction of waste field capacity. 
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Figure 6: Difference in cumulative leachate generation when landfill lifts is not taken into 
account 


Table 1: Comparison between dividing the landfill in lifts and not dividing 


Mean leachate generation rate 
Year (m°/d) Difference 
Landfill without ve) 
Landfill with lifts lifts 

2008 173,1 179,4 3,64% 
2009 288,1 295,5 2,57% 
2010 298,9 299 0,03% 
2011 202,6 198,4 2,07% 
2012 222,2 245,6 10,53% 
2013 281,7 240 14,80% 
2014 250,2 250,3 0,04% 
2015 374,3 324,7 13,25% 
2016 347,3 372,2 7,17% 
2017 253,5 309,3 22,01% 


Rain distribution in each lift. Water balance applied for the period 2008 — 2013 because it was 
difficult and time consuming to estimate and collect data for the area of exposed in rain from each 
liftr of landfill. In this case the difference between simplified and analytic assumption where very 
small. The mean leachate generation rate difference in all these years where <3% (Table 2) and the 
cumulative leachate generation has a peak (6,72%) at the beginning of the operation of landfill but it 
stabilizes through the years around 1% (Figure 7). 
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Figure 7: Difference in cumulative leachate generation when the rain is not distributed in 
each lift 


Table 2: Comparison between simplified and analytical distribution of rain 


Mean leachate generation rate 
Year (m°/d) Difference 
Simplified Rain distribution (%) 
distribution per lift 
2008 101,24 100,72 0,51% 
2009 268,12 264,19 1,49% 
2010 269,88 276,94 2,55% 
2011 198,10 195,28 1,45% 
2012 231,62 238,65 2,95% 
2013 265,35 262,98 0,90% 


Conditions in the area where landfill ’s cells are in contact. The time period when a new cell started 
to operate at the landfill was in 2015. So, the comparison period was 2015-2017 and the year 2018 
added not using real data, but estimated data. As is shown to Table 3, for years 2015 — 2017 the 
difference between Assumption 1 and Assumption 2 in mean leachate generation rate is 3,55% - 
13,78%. Moreover in year 2018, when estimated data are used the difference is raised to 29,64%. It 
is noteworthy that none of the assumptions reflects 100% reality. 


Table 3: Comparison between simplified and analytical distribution of rain 


Mean leachate generation rate 
Year (m?/d) k a 
Assumption 1 Assumption 2 
2015 352,8 374,3 5,74% 
2016 359,6 347,3 3,55% 
2017 288,4 253,5 13,78% 
2018 317,0 244,55 29,64% 
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4. CONCLUSIONS 


In this paper the water balance method is presented as it is applied for the development of a web- 
based application to be used for monitoring multiple sites. Furthermore, the most significant 
assumptions’ evaluation is presented concerning their influence in leachate generation rate. The 
results of the evaluation show that: 


1. Simplifying the calculation of water balance and considering that landfill is a single rectangular 
mass has significant difference in estimation of leachate generation rate. So it is suggested to 
calculate water balance for each lift. 


2. Distributing precipitation in each lift, proportional to the exposed area, only affects the leachate 
generation by a small percentage, so the error is negligible (<3%). 


3. Water balance is difficult to be calculated in the situation where two or more waste disposal cells 
come in touch. There are two assumptions that can be made and each one has some disadvantages. 
The leachate generation is calculated for both assumptions and its difference reaches 29,64%. 


Field capacity of MSW is the most significant parameter of water balance model. As shown in Figure 
8, when the new waste disposal cell started to operate (Feb 2015), the total field capacity of the landfill 
is affected less and is more stable in assumption 1. So this is the assumption chosen for the software 
developed. There is a need for further study in this direction. 
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Figure 8: Holding capacity of MSW in landfill for two different assumptions 
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Abstract 

Sustainable management of coastal areas strives for the maximum long-term societal good, including 
environmental, economic, social and cultural considerations. Coastal zones, as ecologically sensitive 
areas, are considered as the main location of residential, economic, industrial and touristic 
development, due to their natural characteristics and the high aesthetic value of their landscape. 
However, they are vulnerable to pollution by large quantities of organic load, fertilizers and 
pesticides, urban and industrial wastewater, which eventually end up in the sea, through the aquatic 
recipients. The application of the D.P.S. (Driving Forces-Pressures-State) Framework, which is a 
subsystem of the D.P.S.ILR. Framework (Driving Forces — Pressures — State — Impacts — Response), 
is proposed to the coastal zone of Strymonikos Gulf. It focuses on the identification, assessment and 
evaluation of potential impacts of coastal activities, such as tourism, industry, agriculture, fishery, 
etc., by using the appropriate economic, environmental and social indicators, in the context of 
sustainable coastal zone management. As a result, it is obvious that there is a growing need for the 
application of such a framework in a coastal zone, which can be used to organize research that 
increases understanding about interaction between environmental and societal processes, in order to 
help understand and support as well, sustainable coastal zone management scenarios. 


Keywords: D.P.S. framework, Evaluation, Coastal zone sustainable management, Strymonikos Gulf 
1. INTRODUCTION 


From a human history perspective, the characteristics of coastal zones have made them preferential 
sites for human occupation and, consequently, intense areas of development. A direct consequence 
of human occupation of these coastal areas is that coastal zones rank among the environments most 
affected by human presence and activities. The coastal area includes a wide range of economic 
activities. The main uses, located on coastal areas, are: urban settlements, tourism and recreation 
activities, industrial sites, fisheries, energy production industries, transportation infrastructure, 
agricultural activities and forestry. The concentration of significant economic activities on the coastal 
zone is responsible for: marine, freshwater and air pollution, degradation of sensitive marine and 
terrestrial ecosystems, loss of land resources, loss of historic resources, as well as noise and 
congestion. The fast expansion over the last decades of socio-economic activities on coastal and 
estuarine areas made management tasks much more complex. In recent years, there has been a 
growing concern to maintain a steady growth in economic activities and social development in 
estuarine areas, while preserving their natural features and ecological service [1]. The area of study 
is the coastal zone of Strymonikos Gulf, where human activities include mass tourism, house 
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construction, industries, fishing, aquaculture, agriculture and farming. These activities are not always 
practiced wisely, leading to increasing environmental problems, such as pollution and landscape 
deterioration. In this study, the application of the D.P.S. (Driving Forces-Pressures-State) framework 
is proposed, which is a subsystem of the D.P.S.ILR. framework (Driving Forces — Pressures — States 
— Impacts — Responses), to the coastal zone of Strymonikos Gulf. It focuses on the identification, 
assessment and evaluation of potential impacts of coastal activities, by using the appropriate 
economic, environmental and social indicators, in the context of sustainable coastal zone 
management. 


2. SUSTAINABLE COASTAL ZONE MANAGEMENT 


Coastal zones are recognized to be areas of high ecological and economic value. Coastal and marine 
ecosystems provide a wide range of services to human beings. These include provisioning services 
such as supply of food, fuel wood, energy resources and natural products; regulating services, such 
as shoreline stabilization, flood prevention, storm protection, climate regulation, nutrient regulation, 
detoxification of polluted waters, and waste disposal; cultural and amenity services such as culture, 
tourism, and recreation; and supporting services such as habitat provision, nutrient cycling, primary 
productivity, and soil formation. These services are of high value, not only to local communities 
living in the coastal zone, but also to national economies and global trade as well [2]. As a majority 
of human settlements and towns lie in or are close to the coastal zone, the intense demand on coastal 
resources to support economic activities provokes adverse effects on the coastal ecosystems. It is 
worth mentioning that more than half the world’s population today lives within 60 kilometers of the 
shoreline. While it is easy to take a biased view and support either economic development or 
ecological preservation, the challenge in sustainable development lies in fostering measured socio- 
economic growth, which does not compromise the ecological integrity and value of the area [3]. 


The concept of sustainable development acknowledges the principle that economic well-being, social 
justice and environmental objectives cannot be decoupled, but are inherently interdependent over the 
long run. Sustainable management of coastal areas strives for the maximum long-term societal good, 
including environmental, economic, social and cultural considerations. It strives to promote social 
equity through the fairer distribution of opportunities both within the present population, and between 
present and future generations. Within a sustainability framework, it is important, at a minimum, to 
ensure that the process of tradeoffs is disciplined such that economic, environmental and social 
objectives are all met at some “threshold level”, even in the short-run. Furthermore, since the coastal 
resource is finite in physical and spatial terms, certain short-term decisions may permanently destroy 
resources for the future. One of the goals of sustainable development must therefore be to ensure that 
present decisions do not foreclose future options, what is often recognized as intergenerational equity 


[4]. 
3. THE P.S.R. AND D.P.S.I.R. FRAMEWORKS 


The Organization for Economic Cooperation and Development (OECD) created the ‘‘Pressure— 
State—Response’’ (P.S.R.) Model in 1993 to help model the cause and effect relationship between 
human activities and the environment [5]. The P.S.R. model considers that: human activities exert 
pressures on the environment and affect its quality and the quantity of natural resources (“state”); 
society responds to these changes through environmental, general economic and sectoral policies, 
and through changes in awareness and behavior (“societal response”). It highlights the cause-effect 
relationships between economic activities, environmental and selected social conditions, and helps 
decision-makers and the public to deal with environmental and economic issues as interconnected. It 
thus provides a means of selecting and organizing indicators in a way, which is useful for decision- 
makers and the public. The P.S.R. Model has the advantages of being one of the easiest frameworks 
to understand and use; and of being neutral in the sense that it shows which linkages exist, and not 
whether these have negative or positive impacts. This should however not obscure the view of more 
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complex relationships in environment-economy and environment-society interactions. Depending on 
the purpose for which the P.S.R. Model is used, it can be easily adjusted to account for greater details 
or for specific features. Examples of adjusted versions are the Driving force — State — Response 
(D.S.R.) model used by the U.N.C.S.D. in its work on sustainable development indicators, the 
framework used for O.E.C.D. sectoral indicators and the Driving force — Pressure — State — Impact — 
Response (D.P.S.I.R.) Model used by the European Environment Agency [6]. 
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Figure 1: The Pressure — State — Response (P.S.R.) Model presented in a diagram 


The D.P.S.LR. (Driving forces — Pressures — States — Impacts — Responses) framework usually 
represents the systems analysis and the assessment of the relation between human activities and the 
environment. According to this systems analysis view, social and economic development (D) exert 
pressure on the environment (P) and, as a consequence, the state of the environment changes (S). This 
leads to impacts on e.g. human health, ecosystems and materials (I) that may elicit a societal response 
(R) that feeds back on the driving forces, on the pressures or on the state or impacts directly, through 
adaptation or curative action by mitigation measures. Indicators for Driving Forces describe the 
social, demographic and economic development in societies, and the corresponding changes in 
lifestyles, overall levels of consumption and production patterns. Pressure indicators describe 
developments in release of substances (emissions), physical and biological agents, the use of 
resources and the use of land by human activities. The pressures exerted by society are transported 
and transformed in a variety of natural processes to manifest themselves in changes in environmental 
conditions. State indicators give a description of the quantity and quality of physical, biological and 
chemical phenomena (such as atmospheric CO2 concentrations) in a certain area. Impact indicators 
are used to describe changes in these conditions. It is the change in the availability of species that 
influences human use of the environment. In the strict definition, impacts are only those parameters 
that directly reflect changes in environmental use functions by humans. As humans are a part of the 
environment, impacts also include health impacts. Response indicators refer to responses by groups 
(and individuals) in society, as well as government attempts to prevent, compensate, ameliorate or 
adapt to changes in the state of the environment Examples of response indicators are the relative 
number of cars with catalytic converters and recycling rates of domestic waste [7]. The D.P.S.LR. 
framework has increasingly become accepted and applied to different case studies, in order to aid 
problem solving that involves a range of coastal marine environments including estuaries, coastal 
lagoons and coastal areas. In many cases this framework has been complemented with use of 
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numerical models, which have been increasingly becoming indispensable tools in management 
decisions [1]. 


4. IMPLEMENTATION OF THE D.P.S. FRAMEWORK IN STRYMONIKOS GULF 


4.1 The area of study 

The area of study involves the coastal zone of Strymonikos Gulf, which is a semi-enclosed coastal 
water body in North Aegean Sea in Central Macedonia Region, Hellas, located in east of 
Thessaloniki, 50 km away. It is defined by an imaginary line that connects the capes of Eleftheras 
(Halkidiki) and St.Dimitriou (Kavala). The coastal zone is rich in natural resources, landscapes and 
cultural features. More specifically, the most significant environmental parameters of the area include 
Lake Volvi, Rentinas narrows, Strymonas and Rihios river estuary and Stratonikos mountain. 


Human activities in the area include mass tourism, house construction, industries, fishing, 
aquaculture, agriculture, farming, etc. These activities are not always practiced wisely and in 
harmony, leading to increasing environmental problems, such as pollution and landscape 
deterioration, which is expected to become by far more serious in the next decades [8]. 


Sustainable development is based on a balance between the components of economic prosperity, 
social justice and environmental conservation. Accordingly, the criteria that are chosen in the 
proposed methodology for the evaluation of all coastal activities of the Strymonikos Gulf, are 
economic, social and environmental. Then, those criteria are divided to sub-criteria, in order to reduce 
the complexity of activities pressures analysis. Criteria and sub-criteria used in the case study are 
presented in Table 1. 


4.2 Implementation of the D.P.S. framework for Strymonikos Gulf activities pressures 
analysis 

An economic, social and environmental pressures analysis is held for better understanding of the 

pressures of Strymonikos Gulf activities with the implementation of the D.P.S. (Driving forces — 

Pressure — State) framework, which is a subsystem of the D.P.S.I.R. framework. According to the 

framework, human activities are considered as Driving Forces. In the case study, the major economic 

activities of the Strymonikos Gulf are examined and more specifically, tourism, agriculture, farming, 
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industry, fisheries and aquaculture. The economic, social and environmental pressures analysis results 
are presented in Tables 2, 3 and 4. 


Table 1: Proposed criteria and sub-criteria of Strymonikos Gulf activities pressures analysis 


Manufacturing units 
Fisheries 


Product production 
Fisheries products 


Criteria Economic Social Environmental 
Economic growth | Reduction of Surface- Underground water 
Land use unemployment quantity 
Implementation | Social acceptance Surface- Underground water quality 
cost Quality of life — Health Land quality 
Sub- Protection of cultural Erosion 
criteria heritage Air quality 
Noise pollution 
Ecosystems —Biodiversity 
Climate change 
Natural resources consumption 
Table 2: Implementation of the D.P.S. framework for economic pressures 
DRIVING FORCES | PRESSURE STATE 
Tourism Services and settlements production 
Agriculture Agricultural products 
Farming Farming products 
Industry Industry products Economic growth 


Land use 


Aquaculture Aquaculture products 

Tourism 

Industry Land demanding 

Agriculture 

Tourism Accommodation and infrastructure 
Industry Facilities 


Table 3: Implementation of the D.P.S. framework for soc 


DRIVING FORCES 


PRESSURE 


Implementation cost 


ial pressures 


Tourism 


Industry 


Agriculture 


Farming 


Manufacturing units 


Fisheries 
Aquaculture 


Tourism 


Seasonal population increase, noise, pollution 


of the environment, Jobs 


Reduction of 
unemployment 


Social acceptance 


Industry 


Tourism 


Pollution of the environment, Jobs 
Solid wastes - domestic wastes, working 
conditions, coastal landscape quality 


Agriculture 


Solid wastes, working conditions, air pollution 


Quality of life — Health 


Industry 


Tourism 


Industrial wastes, noise, working conditions, 
coastal landscape quality, air pollution 


Uncontrollable development 
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Protection of cultural 


heritage 
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Table 4: Implementation of the D.P.S. framework for environmental pressures 


DRIVING FORCES 


PRESSURE 


STATE 


Agriculture 
Tourism 


Farming 


Industry 


Manufacturing units 
Tourism 


Water consumption, irrigations 


Water consumption 


Tourism facilities sewage 


Agriculture 


Pesticides, fertilizers and nutrients discharges, 
use of insecticides 


Farming 


Liquid waste disposal, nitrogen and phosphorus 
discharges 


Industry 


Industrial waste disposal, industrial emissions 
of nitrogen and phosphorus 


Manufacturing units 


Wastewater, gas emissions 


Fisheries 
Aquaculture 


Oil from intensive fishery 
Wastewater 


Tourism 


Solid wastes, azoppippata 


Agriculture 
Industry 


Manufacturing units 
Tourism 


Agricultural waste, nutrient runoff through rain 
Industry waste 

Solid wastes 

Facilities (hotels, restaurants) 


Farming 


Overgrazing 


Agriculture 


intensive agricultural uses 


Industry 
Agriculture 
Tourism 


Industrial facilities 
Agricultural emissions (use of chemicals) 
Polluting gas emission 


Industry 


Polluting gas emissions (CO2, NOx, SO2), 
emissions of particulate matter - dust 


Transport 


Tourism 


Engine exhaust gas (Polluting gas emission 
CO2, NOx, VOCs) 


Entertainment and recreation centers 


Industry 


Industrial noise from factories 


Transport 


Agriculture 


Tourism 


Great number of vehicles 

Losses of agricultural nutrients-use of 
fertilizers, pesticides, air pollution 

Building- service facilities for the tourists, 
population growth, tourism activities 


Industry 


Building -waste disposal, air pollution 


Fisheries 
Aquaculture 


Industry 
Transport 


Intensive fishery 
Wastewater 


Greenhouse gas emissions 
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Surface- Underground 
water quantity 


Surface- Underground 
water quality 


(eutrophication, 
salinization) 


Land quality 


Erosion 


Air quality 


Noise pollution 


Ecosystems 
Biodiversity 


Climate change 
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DRIVING FORCES | PRESSURE 


Farming 
Tourism Overexploitation of water 
Industry Increased use of power, water and raw materials | Natural resources 
Agriculture Overexploitation of water consumption 
Unregulated building (hotels, restaurants, 
Tourism refreshment rooms)-increased use of natural 
recourses-household waste, urban wastewater | Environmental quality 
Industry Building-solid waste 
Agriculture Alternating agricultural landscapes 


4.3 Discussion 

From the analysis presented in Tables 2, 3 and 4, it is possible to evaluate the economic, social and 
environmental pressures of the Strymonikos Gulf activities, in order to be used for the comparison of 
any future proposed coastal zone management plans. 


Consequently, tourism development will introduce the new services and settlements (hotels, 
recreation settlements, commercial activities), which will attract tourists and will help with the 
economic growth of the area. The development of primary and secondary sector of production will 
increase the production of the corresponding products and therefore, the economic growth of 
Strymonikos Gulf. On the other hand, the development of agriculture and industry increases land 
demand, which leads to land-use conflicts. Both tourism accommodations with the necessary 
infrastructure, and industrial facilities lead to the increase of the implementation cost. 


The development of Strymonikos Gulf economic activities leads to jobs creation and consequently, 
to the reduction of unemployment. However, tourism and industrial development, except for job 
creation, put pressure on the natural environment, which makes it difficult for people to approve any 
management plans of the area of study and accept severe environmental impacts. Also, the 
development of tourism, agricultural and industrial activities leads to pressures to the environment 
due to solid wastes, air emissions and noise, which cause the degradation of the quality of life and 
health of the people leaving in the coastal zone of Strymonikos Gulf. At the end, uncontrollable 
development of tourism may provoke impacts on their cultural heritage and archaeological sites. 


According to Table 4, in agriculture and more specifically, in irrigation over-pumping of both surface 
and ground water and therefore, reduction of the water quantity may be a serious problem. Also, 
development of tourism, agriculture, industry and farming may increase greatly water demand. The 
development of agriculture influences the quality of both surface and ground water, through 
eutrophication (water acidification) and salinization. Whereas, farming influences the quality of water 
directly with wastewater disposal and indirectly, with nitrogen and phosphorus discharges into the 
coastal zone. The development of industry and manufacturing, also, influences water quality of 
Strymonikos Gulf, though waste disposal around industrial facilities and gas emissions (nitrogen and 
phosphorus). Tourism facilities, mostly from sewage, lead to water pollution and degradation of 
coastal water quality. Also, the coastal waters are polluted from intensive fisheries, due to oil residues 
dumping and from aquaculture, because of the wastewater, which is rich in nutrients. 


Land quality is influenced by the solid waste disposal from industrial facilities and manufacturing 
units and by the agricultural waste and nitrates emissions, which run off to the soil through rain. 
Tourism development has a negative influence to land quality, because of possible uncontrolled waste 
disposal from tourists and solid waste from hotels and restaurants. Except from land quality, industrial 
facilities and infrastructures raise the possibility of erosion. Also, because of the construction of 
facilities for the tourists (hotels, restaurants, recreation, organized beaches), there is great possibility 
of coastal erosion. Furthermore, the intensive agricultural uses rise the sensitivity of coastal land to 
erosion. 
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Agriculture and more specifically, the use of chemicals (air sprays) cause atmosphere pollution. Also, 
chemical substances emissions from combustion, which takes place at industry facilities, as well as 
emissions of particulate matter and dust coming from industrial activities, constitute of important 
pressures that configure the state of the air quality. Tourism development pollutes the atmosphere as 
much from the tourists’ facilities gas emissions as from the increase of traffic. 


Tourism, also, can cause noise pollution because of the density of settlements, the entertainment and 
recreation centers and the great number of vehicles. Noise pollution is also caused by the industrial 
noise from factories. 


Agricultural uses, because of the losses of agricultural nutrients play a very important role to the 
condition of biodiversity. Also, the overuse of pesticides and fertilizers in agriculture constitutes a 
threat to the biodiversity. A major threat to biodiversity and ecosystems is the development of 
tourism, because of service facilities for the tourists (hotels, restaurants, night clubs), seasonal 
population growth and tourism activities. Many changes in the state of biodiversity come from 
industrial development, due to industrial facilities construction, sewage and air pollution. 
Furthermore, intensive fisheries and aquaculture influence biodiversity as they reduce marine life. 


Tourism and industrial development as well as the increase of transport leads to release to the 
atmosphere of great amounts of CO2 (the most important greenhouse gas) as a result of the burning 
of fossil fuel such as carbon, oil and natural gas, and as a consequence to climate change. The second 
more important greenhouse gas is methane, which is produced mostly through farming, which also 
contributes to the climate change. The development of tourism and agriculture change the amount of 
natural recourses because of the overexploitation of water. The amount of natural resources is also 
changed by the increased use of power, water and raw materials from industrial facilities. The 
environmental quality is negatively influenced both from the development of tourism through 
facilities unregulated building (hotels, restaurants, refreshment rooms), household waste (plastic 
boxes, glass bottles, etc.) and increased use of natural recourses, and from the development of industry 
because of land clearing for factories construction and solid waste disposal. Agriculture, on the other 
hand has a positive influence to the quality of environment, because of alternating agricultural 
landscapes. 


5. DISCUSSION AND CONCLUSIONS 


Sustainable coastal zone management is a broad, multi-purpose effort, aimed at improving the quality 
of life of the communities dependent on estuarine resources and helping local decision makers to 
achieve sustainable development of estuarine areas, from the headwaters of coastal watersheds to the 
outer marine areas. As such, sustainable coastal zone management approaches are required, in order 
to combine all aspects of the human, physical and biological aspects of the coastal zone within a 
single management framework. It is imperative to address the ecological and socio-economic links 
in the management of dynamic systems, such as estuaries and coastal areas. As a result, it is obvious 
that there is a growing need for the application of such a framework in coastal zones, which can be 
used to organize research that increases understanding about interaction between environmental and 
societal processes, and help understand and support as well sustainable coastal zone management 
scenarios. In many cases the DPSIR framework has been used as a base for coastal zone 
environmental management allowing the linkage between environmental and economic models, 
making it possible to integrate the conservation functions (biodiversity and ecological) with socio- 
economic development [9]. Examples could be: EEA (1999) [10], Elliott (2002) [11], Picollo et al. 
(2003) [12], Cave et al. (2003) [13], among others. In this study, it is obvious the need for the 
application of the D.P.S. framework in coastal zones, in order to promote sustainable development 
taking into account environmental, social and economic factors. The D.P.S. framework could be 
easily applied to other catchment/coastal zone systems, which have experienced human interventions 
during past decades. This would help in the identification and assessment of socio-economic drivers, 
pressures, economic, social and environmental state, in the long term, thus providing a holistic and 
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comprehensive approach on issues, pertaining to environmental protection and the sustainable 
management of natural resources. Moreover, the ability to apply future scenarios enlarges the use of 
D.P.S. to a robust and reliable management tool. Natural scientists, stakeholders, and policy makers 
would all benefit from such integrated coastal activities pressures analysis. 
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Abstract 

Integrated Coastal Zone Management contributes towards maximizing the environmental, economic 
and social benefits provided by coastal zones, while minimizing all potential negative impacts of 
activities upon each other. Coastal areas are of particular interest as they usually include a wide 
variety of habitats and ecosystems, as well as many important human/economic activities. Human 
coastal population increases continually and consequently, there is much stress from all settlements 
and economic activities to coastal zones. A proposed methodological approach for management plans 
evaluation, in the context of Integrated Coastal Zone Management, is described. Therefore, 
alternative management scenarios for the examined area of the coastal zone of Strymonikos Gulf, are 
presented. The selection of the prevailing alternative proposal is made through the process of multi- 
criteria analysis. More specifically, the method of Analytical Hierarchical Process is applied, so that 
the suggested alternative solutions are estimated and classified by using economic, ecological and 
social criteria, in order to contribute positively to Coastal Zone Integrated Management towards 
sustainability. 


Keywords: Multicriteria analysis, AHP, Integrated Coastal Zone Management, Management plans 
evaluation 


1. INTRODUCTION 


Coastal ecosystems are one of the most productive natural systems in the world [1]. They provide a 
wide range of services to human beings: “provisioning services”, such as food supply, fuel wood and 
energy resources; “regulating services”, such as shoreline stabilization, flood prevention, storm 
protection, hydrological services and nutrient regulation; “cultural and amenity services”, such as 
culture, tourism and recreation; and finally, “supporting services”, such as habitat provision, nutrient 
cycling, primary productivity [2]. These services are of high ecological, social and economic value, 
not only to local communities living in the coastal zones, but also to national economies and global 
trade. Several threats on coastal systems are discussed in the scientific literature. The most important 
and crucial are industrialization and urbanization, sea-level-rise, increase of carbon dioxide and 
greenhouse gases, deposition of agricultural substances, fisheries and aquaculture development, etc. 
As a consequence, approximately 70% of the European coastal ecosystems are highly threatened, in 
relation to their biological productivity [3]. 


Integrated sustainable planning for coastal areas (including land-use, resources and pollution control 
management) is needed in order to resolve competition and conflict that occur frequently among 
residential, tourist, commercial, industrial, transportation, recreational and agricultural activities, 
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competing usually within limited space. Certain sectoral-oriented land-uses might coexist in a 
multiple land-use approach, while others might not or would have to be severely restricted from 
coastal areas. Integrated Coastal Zone Management's role is to sort out the appropriate land-use 
patterns and recommend the optimal mix, while meeting effectively environmental, economic and 
social criteria. A number of methods have been, for that reason, researched, tested and applied, in 
order to support decision makers. One of them is Analytical Hierarchical Process (AHP), which was 
selected by the authors, to resolve the problem of sustainable development of the coastal zone of 
Strymonikos Gulf, in the context of Integrated Coastal Zone Management. 


Integrated Coastal Zone Management (ICZM) is also known under a variety of different names, such 
as Integrated Coastal Area Management (ICAM), Integrated Coastal Management (ICM) and 
Integrated Marine and Coastal Area Management (IMCAM). Although there are many different 
definitions of ICZM, the actual differences amongst them are minor. Most definitions recognize that 
ICZM is a dynamic, continuous and iterative process, designed to promote sustainable management 
of coastal zones. Most definitions also taken into consideration that the goals of ICZM have to be 
achieved within the constraints of physical, social, economic, and environmental conditions, as well 
as within the constraints of legal, financial and administrative systems and institutions [4]. 


It is also important to underline that in Greece, with a total shoreline of 16,500 km, respectively the 
25% of the European shoreline, there are no specific instruments or methodologies for ICZM 
Programs, while the Special Framework for Spatial Planning & Sustainable Development of coastal 
areas and islands has never been enacted: after consultations had taken place, the project was 
withdrawn. Oikonomou and Kalkopoulou (2009) commented on the fact that only General Local 
Plans in Greece (planning projects at municipal level) contribute to ICZM. However, it is concluded 
that: the majority of these General Local Plans have been excluded from Strategic Environmental 
Assessment, mostly due to bureaucratic reasons (GLPs were introduced for the first time in 1997, 
while the Ministerial Decision 107017/2006 about Strategic Environmental Assessment was enacted 
almost 10 years later); by examining four GLPs in coastal areas all over Hellas, it was concluded that 
they do not show any special concern about coastal areas and marine space, but they define land-use 
patterns, as well as future infrastructure projects needed to support future economic activities, without 
any environmental appraisal [5]. 


2. INTEGRATED COASTAL ZONE MANAGEMENT 


2.1 The necessity for ICZM 

Almost all coastal and marine areas produce or support multiple products and services. Sectoral 
solutions usually “transfer” the problem between resources, products and services. Tourism will not 
flourish if the area loses its attraction to visitors; fisheries are usually on the receiving end of everyone 
else’s problems. Industry and energy facilities may degrade the environment for all other activities. 
There is, therefore, a need to bring sectoral activities together, in order to achieve a commonly 
acceptable coastal management framework. ICZM attempts to avoid this, by broad multiple-sector 
planning and integrated project development, by future-oriented resource analysis and by applying 
the test of sustainability to each development initiative. 


Coastal zone management is also a critical issue in many countries with a high intensity of marine 
and coastal resource use. Managing complex systems, such as coastal areas, requires an integrated 
approach, capable of coordinating the implementation of all three major objectives/components of 
sustainable development (environmental, social and economic) and bringing together the multiple, 
interwoven, overlapping interests in the coastal area in a coordinated and rational manner, harnessing 
coastal resources for optimum social and economic benefit, for present and future generations as well, 
without prejudicing the resource base itself, while maintaining the security of ecological processes. 
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2.2 Designing an Integrated Coastal Zone Management program 

Every country, evaluating the potential of an ICZM-type program, will have its own special approach 
to conservation of resources and will be facing its own distinct array of coastal issues. The particular 
form of any ICZM program will depend upon the national and regional issues it is meant to address. 
No two countries would be expected to have identical programs. While each country's program will 
be unique, there are several basic stages in the generation of an ICZM program that will be found to 
be common to all, in one form or another. These stages are presented briefly as follows: 


e Stage A — Policy Formulation. Creation of a policy framework to establish goals, and to authorize 
and guide the ICZM program, accomplished by executive and legislative action. 


e Stage B — Strategy Planning. Sometimes called Preliminary Planning, this is the stage at which 
the potential impacts of the ICZM policy action are explored, while expected benefits are 
evaluated, a wide array of data is accumulated and organized, a general strategy is created and 
recommendations are made for organization and administration of the ICZM program. 


e Stage C — Program Development. Once the Strategy Plan is accepted by policy makers, 
development of the ICZM program can commence and a detailed Master Plan for its 
implementation may be proposed. 


e Stage D -— Implementation. Once the Master Plan is approved and budget and staff are authorized, 
the Implementation Stage may commence. 


In practice, the above stages are not so discrete and linear as theory suggests. Instead, there will be 
feedback and revisions of earlier stages, as new facts and opportunities come to light in later stages. 
For example, there will certainly be the need for policy revision and strengthening, as a result of 
findings and recommendations from Stages B and C. Therefore, the whole program must be flexible 
and adaptable [6]. 


3. THE ANALYTIC HIERARCHY PROCESS 


The Analytic Hierarchy Process (AHP) is one of the most popular Multicriteria Decision Making 
(MCDM) tools for formulating and analyzing decisions. The technique is employed for ranking a set 
of alternatives or for the selection of the best in a set of alternatives. The ranking/selection is done 
with respect to an overall goal, which is broken down into a set of criteria [7]. The AHP enables the 
decision maker to structure a complex problem in the form of a simple hierarchy and to evaluate a 
large number of quantitative and qualitative factors in a systematic manner, under conflicting multiple 
criteria [8]. AHP can deal with qualitative and quantitative factors of the decision-making process, 
and it is practical, systematic and terse. It determines the relative importance, or weight, of the 
alternatives in terms of each criterion involved in a given decision-making problem [9]. Application 
of AHP to a decision problem involves four steps: a) structuring of the decision problem into a 
hierarchical model; b) making pair-wise comparisons and obtaining the judgmental matrix; c) 
obtaining the local priorities and consistency of comparisons; and d) aggregation of weights across 
various levels to obtain the final weights of alternatives. The first two steps involve the decision 
maker’s opinion, whereas the last two are strictly computational. 


The first step includes decomposition of the decision problem into elements, according to their 
common characteristics, and the formation of a hierarchical model, having different levels [10]. Each 
level in the hierarchy corresponds to the common characteristic of the elements in that level. The 
topmost level corresponds to the ‘focus’ of the problem. The intermediate levels correspond to criteria 
and sub-criteria, while the lowest level contains the ‘decision alternatives’ (Figure 1). 


In the second step, the elements of a particular level are compared pair-wise, with respect to a specific 
element in the immediate upper level. A judgmental matrix is formed and used for computing the 
priorities of the corresponding elements. First, criteria are compared pair-wise with respect to the goal 
already set. A judgmental matrix, denoted as “A”, will be formed using the comparisons. Each entry 
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“aij” of the judgmental matrix is formed comparing the row element “Ai” with the column element 
“Aj”. Saaty (2000) suggests the use of a 9-point scale to transform the verbal judgements into 
numerical quantities, representing the values of aij. 


In the third step, once the judgmental matrix of comparisons of criteria with respect to the goal is 
available, the local priorities of criteria are obtained and the consistency of the judgements is 
determined. 


At last, in fourth step, the local priorities of elements of different levels are aggregated, in order to 
obtain final priorities of the alternative scenarios. 


Criterion 1 Criterion 2 | Criterion P 

Sub-criterion | 1 Sub-criterion 21 Sub-criterion P1 
Sub-criterion 1L Sub-criterion 2M Sub-criterion PN 
Alternative 1 Alternative 2 Alternative 3... Alternative Q 


Figure 1: Hierarchic structure of a decision problem 


Table 1: The fundamental scale used in AHP 


eae a Definition Description 
importance 
1 Equal importance Elements Ai and Aj are equally important 
3 Yakimono Atover Ay Experience and Judgement slightly favour Ai 
over Aj 
5 Essenid or stone mponance Experience and Judgement strongly favour Ai 
over Aj 
7 Demonstrated importance Ai is very strongly favored over Aj 
. The evidence favoring Ai over Aj is of the 
2 d highest possible order of affirmation 
2,4,6,8 Intermediate When compromise is needed 
4. IMPLEMENTATION OF AHP IN THE COASTAL ZONE OF STRYMONIKOS GULF 


4.1 The area of study 

The area of study includes the coastal zone of Strymonikos Gulf, which is a semi-enclosed coastal 
water body in the North Aegean Sea in Central Macedonia Region, Hellas, located in east of 
Thessaloniki, 50 km away. It is defined by an imaginary line that connects capes of Eleftheras 
(Halkidiki) and St.Dimitriou (Kavala). The coastline is 75 km long and communicates with North 
Aegean through an opening in its east side. Strymonikos Gulf belongs expands geographically to four 
Regional Departments: Kavala, Serres, Thessaloniki, and Halkidiki. The Kavala Regional 
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Department is part of the East Macedonia & Thrace Region, while the other three Regional 
Departments are part of the Region of Central Macedonia, Hellas. 


The coastal zone of Strymonikos Gulf is rich in natural resources, landscapes and cultural elements. 
More specifically, the most significant environmental parameters of the area include Lake Volvi, 
Rentinas narrows (also known as the Valley of Macedonian Tembi), Strymonas and Rihios river 
estuary and Stratonikos mountain. For the purposes of this paper, the boundaries of the coastal zone 
of Strymonikos Gulf were defined, as shown in Figure 2, taking into account the morphology ant 
topography of the area, land-uses and the nearby watersheds. So, the area of study includes the sea 
area of Strymonikos Gulf and the land area of the coastal zone, which was defined based on the water 
bodies, the significant coastal ecosystems (Lake Volvi, Rentinas narrows, Strymonas river estuary 
and Stratonikos mountain, etc.) and in few cases the administrative boundaries (boundaries of the 
municipalities). In Figure 2, different colors represent different proposed land-use patters from 
General Local Plans, with the dark green representing forest areas, light green agricultural land, in 
blue color some industrial sites and in magenta color some touristic zones. 


ROKK 


WM rorest area 
[P] AGRICULTURE AREA 
D iou smia area 
[F] tourismarea 


=== ALTERNATIVE TOURISM 
AREA 


PROTE CTION ZONES 
ZONE A 
ZONE B 


[|| Zone a1 (aPorLonias Forest) 
= ZONE A2 (MAKE DONIKA TEMPI) 


Figure 2: The area of study, the coastal zone of Strymonikos Gulf 


4.2 Structuring of the decision problem into a hierarchical model 
At this point, the decision problem is structured, according to the formation of the Analytical 
Hierarchical Process (AHP). So, at first, the decision problem is analyzed into a hierarchical model. 


At the topmost level, the Focus of Goal is set, which in the case study refers to sustainable 
development of the coastal zone of the Strymonikos Gulf. The lowest level contains the alternative 
scenarios. It is obvious that we cannot compare the alternative scenarios to such a general and 
strategic goal. Therefore, the goal is analyzed into sub-goals (criteria), which are then analyzed based 
on the hierarchical model, in a way that can be used efficiently for the comparison of alternative 
scenarios. Sustainable development is based on the balance between the components of economic 
prosperity, social justice and environmental conservation. Accordingly, the criteria that are chosen, 
for the evaluation of the alternative scenarios, are economic, social and environmental. Then, those 
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criteria were divided to sub-criteria, in order to reduce the complexity of the problem dealt with. At 
last, the alternative development scenarios were defined for the area of study, which represent the 
lowest level of hierarchy. Three alternative scenarios were introduced, which are hypothetical and 
they are based on proposed by General Local Plans land-use patterns for each municipality. 


SUSTAINABLE DEVELOPMENT OF THE COASTAL 


ZONE OF THE STRYMONIKOS GULF 


SOCIAL ECONOMIC ENVIRONMENTAL 


Reduce of unemployment Economic growth Surface Underground Waler 
quantıty 

Social acceptance Land use ourace-Wadereround Wege 
quality 

Quality of life - Health Implementation cost Land quality 

Protection of cultural heritage Erosion : 
Air quality 


Noise pollution 

Ecosystems -Biodiversity 
Climate change 

Natural resources consumption 
Environmental quality 


SCENARIO 1 SCENARIO 2 SCENARIO 3 
Emphasis on the development | | Emphasis on the Combination of the two other 
of tourism, trade, primary and | | development of scenarios 
secondary sector of production alternative forms of 
tourism and in organic 
production in agriculture 
Figure 3: Hierarchical analysis of the decision problem 


In the first proposed scenario, major parameters are: the development and growth of the primary 
sector of production in agricultural areas, with agricultural and farming settlements, houses for 
farmers and infrastructure networks; in forest areas the promotion of forest exploitation facilities and 
beekeeping is proposed; for the development of the secondary sector of production, the creation of 
industrial areas is proposed in three areas, north of the road to Vrasna, west of Olympiada and parallel 
to the Nea Madytos-Varvara road; in non-forest areas small industries related to the local forest, 
agricultural production and livestock farming, beekeeping, the production of local goods and also 
showrooms and selling places for the above products are proposed; the development of tourism and 
leisure activities is proposed in coastal areas and more specifically, in Asprovalta, Ofrynio beach and 
Karianni with the development of hotels up to 150 beds, tourism settlements, organized camping and 
shopping centers are proposed. Special tourism settlements (conference centers, athletic tourism 
centers, etc.) and swimming service settlements in Ofrynio beach and a tourism port in Asprovalta 
are also proposed. At the end, in protected areas light infrastructure settlements, such as guardhouses, 
scientific equipment, wooden sits, observatories, etc. are proposed. The use of ecosystems as fisheries 
and the function and maintenance of the current fish-capture settlements in Rihios River are also 
proposed. At the end, small units of aquaculture, agricultural products, sustainable farming units, as 
well as camping and outdoor sport grounds near Nea Apollonia and near Rentina are proposed. 
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In the second scenario, alternative forms of tourism are proposed in the municipality of Arethousa. 
In forest areas not-permanent settlements (wooden kiosks, pathways, observatories, etc.) for the 
development of exploring and archeological tourism are proposed. In non-forest areas agrotourism 
settlements up to 80 beds, other tourism settlements and eating and leisure spaces are proposed. An 
archeological route with a watercraft in Strymonas River, begging from the estuary and the seaport 
to the Amfipolis archeological site is also designed. In the primary sector, alternative forms of 
production in agricultural areas, such as biological production, are proposed. The integrated 
management of wastes and the biological production of honey are also proposed. In protected areas 
the same proposals with those of the first scenario are generally proposed, in addition to the lake 
Volvi biological aquiculture, biological aquiculture and biological holdings in small units at Rihios 
River and at forest areas beekeeping and production of biological honey. 


The third scenario combines the proposals of the other two scenarios. So, it suggests a light 
development of primary and secondary sector of production, whereas it focuses on the integrated 
development of tourism and promoting alternative tourism in highlands. Therefore, it respects the 
environment and the sensitive ecosystems of the area of study. 


4.3 Making pair-wise comparisons 

Once the decision problem is analyzed into a hierarchical model, as shown in Figure 3, the pair-wise 
comparisons and the formation of the judgmental matrices should be made. So, at first, the criteria 
are evaluated with respect to the goal, next the sub-criteria with respect to the criteria and at the end, 
the alternative scenarios with respect to the sub-criteria, according to how much more important is 
one element to another. The evaluation is based on the fundamental scale of values of Saaty, as shown 
below: 


P= {1, 2,3,4,5, 6, 7, 8,9, 1/2, 1/3, 1/4, 1/5, 1/6, 1/7, 1/8, 1/9} (1) 


where: 1 = equal importance, 3 = moderate importance, 5 = strong importance, 7 = very strong 
importance, 9 = extreme importance — 2, 4, 6, 8 = intermediate values. The reciprocals of the above 
judgments represent the reverse preferences of the decision maker. 


4.3.1 Comparison of criteria (and sub-criteria) with respect to the goal 

Primarily, the criteria are compared pair-wise, with respect to the upper goal, which in the case study 
is sustainable development of the coastal zone of the Strymonikos Gulf. It is assumed that the 
participation of criteria in the achievement of the upper goal is the same, so they were evaluated with 
number 1. Then, in the next level of hierarchy, sub-criteria are compared pair-wise, with respect to 
criteria, which are social, economic and environmental, the three aspects of sustainable development. 
The evaluation is made using the following question: “Of the two sub-criteria (row and column), 
which is more important with respect to the criterion set?”. 


4.3.2 Comparison of alternative scenarios with respect to criteria 

Next, in the lowest level of hierarchy, alternative scenarios are compared pair-wise, with respect to 
the sub-criteria in the immediate upper level. The evaluation is made using the following question: 
“Of the two alternative scenarios (row and column), which is more important with respect to the sub- 
criterion?”. The answer to the question in the case study is based on the opinion of the researcher. 
However, in a ‘real’ case study, ICZM Program, many researchers and generally, stakeholders may 
answer such question, supporting many and maybe different opinions and evaluations. In the 
following tables representative examples of judgmental matrices of scenarios with respect to some 
sub-criteria are shown: 
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Table 2: Judgmental matrix of scenarios with respect to sub-criterion “Social acceptance” 
Scenario 1 Scenario 2 | Scenario 3 


Scenario 1 1 1 1/4 
Scenario 2 1 1 1/4 
Scenario 3 4 4 1 


Table 3: Judgmental matrix of scenarios with respect to sub-criterion “Economic growth” 
ECONOMIC GROWTH | Scenario 1 | Scenario2 | Scenario 3 


Scenariol | 1 4 2 
Scenario 2 1/4 1 1/4 
Scenario 3 1/2 4 1 


Table 4: Judgmental matrix of scenarios with respect to sub-criterion “Water quantity” 


TER QUANTI Scenario 1 | Scenario 2 | Scenario 3 
Scenario 1 1 1/3 1/2 
Scenario 2 3 1 2 
Scenario 3 2 1/2 1 


4.4 Discussion 

The final results of the comparison of alternative scenarios are obtained with the application of the 
two last steps of the Analytical Hierarchy Process method, which are strictly computational. The last 
two steps were calculated with a program that was made in a programming language called “Visual 
C# (sharp)”. The purpose of the program is to reduce the large number of calculations that are needed 
for the estimation of the final results, which increase as the number of criteria and alternative 
scenarios increases and the whole process becomes an exhausting, for the decision maker, process. It 
is also useful in forming an ICZM Program, because throughout the process, more parameters, new 
assumptions, other proposals may be described. More specifically, through the program, at first the 
priorities of the alternative scenarios with respect to criteria, as shown in Figure 4, were calculated. 
and then, the final priorities of the alternative scenarios, as shown in Figure 5. 


0,6 > 
0,4 - 
™ SCENARIO 1 
m= SCENARIO 2 
0,2 - = SCENARIO 3 
0 +— — - - 


SOCIAL ECONOMIC ENVIRONMENTAL 
Figure 4: Priorities of alternative scenarios with respect to criteria 
As shown in Figure 4, the first scenario is better than the other two with respect to economic criteria, 


the second scenario is better with respect to environmental criteria and the third one is better with 
respect to social criteria. The third scenario, which combines development and protection and 
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restoration of the environment, is better than the other two, with respect to social criteria. The first 
scenario, which focuses on the development and growth of all three sectors of production, is better 
than the other two, with respect to economic criteria, then, the third scenario, that proposes a more 
‘light’ development, follows, whereas the second scenario, that provides alternative forms of tourism, 
comes last. As it is also expected, the second scenario is much better than the other two with respect 
to environmental criteria. 


Finally, in Figure 5 the classification of the alternative scenarios is presented, as they came up from 
the software used, in the following order of preference, and their final results. The most applicable 
alternative scenario is the third one, which is a combination of the other two scenarios, with ‘light’ 
development of tourism and industry and promotion of the primary economic sector with emphasis 
on organic production. Then the second scenario comes, which emphasizes on the development of 
alternative forms of tourism and on organic production in agriculture, and the last one is the first 
scenario, which emphasizes greatly on economic development and growth of the area of study. 


FINAL RESULTS 


Scenario 1 Scenario 2 Scenario 3 


Figure 5: Final Results: Priorities of alternative scenarios with respect to the Goal 
5. CONCLUSIONS 


The problem of the evaluation and the selection of an alternative scenario, which adjusts sufficiently 
to the data and input parameters of each area of study, is a crucial matter, as well as the parameters 
that must be taken into consideration for sustainable development, which are many and 
multidimensional. In the case study presented, the use of AHP for the selection, between three, of the 
best management scenario in Strymonikos Gulf, was examined, in order to be objective, even though 
the evaluations are subjective. A research with questionnaire surveys in the area of study may be 
conducted, in order to determine the weight that local people and stakeholders attribute to the three 
dimensions of sustainable development, as it is not a fact that they have the same weight, as assumed 
in the case study and the model used. 


In the case study the choice of the best alternative was investigated, from three alternative scenarios. 
Analytical Hierarchy Process may be also used for the ranking of the alternatives from the best one 
to the worst one, or even for the sorting of alternatives in pre-defined categories. This possibility is 
very important in practice. When a number of scientists cooperate for the solution of a coastal zone 
management problem, the alternative scenarios that will come up are many. This large number of 
data can be processed with Analytical Hierarchy Method, in order to have a ranking of alternatives, 
according to several criteria. 


To summarize, it is concluded that the method presented, with its simplicity and its explicitness, and 
also with the many possibilities that offers to the user, is a valuable tool for a “good” decision making 
process and can be used efficiently for the purposes of Integrated Coastal Zone Management. 
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Abstract 

In the present work, an advanced numerical model based on the solution of the higher-order 
Boussinesq-type equations for breaking and non-breaking waves is applied in order to simulate the 
impact of climate change on coastal flooding. The model is tested against two-dimensional (cross- 
shore) experimental data by Roeber at al. (2010), and is afterwards applied to the area of the Bay of 
Thessaloniki (northwestern Aegean Sea, Greece) for representative scenarios of climate change- 
induced wave and storm surge events. Results highlight the model’s capabilities and set the basis for 
a comprehensive evaluation of the use of advanced modelling tools for the design of coastal protection 
and adaptation measures against future climatic pressures. 


Keywords: climate change, coastal flooding, numerical model, Boussinesq equations, wave 
modelling 


1. INTRODUCTION 


Climate change is expected to have significant effects on the intensity and frequency of occurrence 
of extreme weather events, consequently affecting sea levels, circulation patterns, currents and waves 
in oceans and seas around the world (Mentaschi et al., 2017; Vousdoukas et al., 2017). Moving from 
the open sea to the densely populated coastal zones, more frequent storm surges and higher waves 
will be experienced through a number of impacts such as beach/dune erosion and inundation of low- 
lying areas, leading to increased flooding risks and dictating the need for effectively designed coastal 
protection and adaptation measures (Wong et al., 2014). Numerical models are indispensable tools 
for the above purpose, as they allow the quantification of the above risk through the analysis of 
simulations for multiple scenarios of combinations of projected climatic pressures. 


In the following, the impact of climate change on coastal flooding is modelled with the use of an 
advanced numerical model based on the solution of the higher-order Boussinesq-type equations. The 
theoretical background and structure of the model is presented in detail in Section 2; the model 
capabilities are validated through comparison with the experimental data by Roeber et al. (2010) in 
Section 3; model applications for the area of the Bay of Thessaloniki (northwestern Aegean Sea, 
Greece) are presented and discussed in Section 4, while Section 5 presents the conclusions drawn 
from this work. 


2. COASTAL FLOODING MODELLING 


Coastal flooding is modelled in this work using, in sequence, a storm surge model and an advanced 
nearshore wave propagation model. The first model estimates storm surge levels due to wind effects; 
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these are used as offshore boundary conditions for the second model, which estimates wave runup on 
beaches. 


2.1 The storm surge model 
The storm surge model is based on the depth-averaged wind-induced circulation equations, following 
Koutitas (1988): 


& , (Uh), AVh) _ és 
a OX N 

U yY, Ta Eate ly, ae pee 4 fV 42 — Sx 

Ot Ox Oy Ox hex Ox) hey Oy ph ph (2) 


N ep N y Og Ae ô (aZ) ô Ta (o m 
Ot Ox Oy Oy hex Ox) hey Oy ph ph (3) 


where ¢ is the water surface elevation above the mean water level, d is the still water depth, h is the 
total water depth (h = d + ¢); U, V are the depth-averaged velocity components along the x- and y- 
directions respectively, g is the gravitational acceleration, vn is the horizontal eddy viscosity 
coefficient, fis the Coriolis coefficient and p is the water density The terms Tsx, Tsy are the shear stress 
components at the water surface along the x- and y- directions respectively, which represent the 
vertical boundary condition, expressed as: 


t —pkW, [We +W; (4) 


Ty = PkW, |We +W? (5) 


where k is the surface friction coefficient (in kg/m, typically of the order of 10%; here we assume 
k = 10° + 3-10°), and Wx, Wy are the wind speed components along the x- and y- directions (in m/s) 
respectively. The bed friction terms (Tox, toy) are also expressed by quadratic forms, following 
Karambas and Karathanassi (2004). 


The horizontal eddy viscosity coefficient is expressed by the well-known Smagorinsky model, used 
for the representation of the damping by eddies smaller than the computational grid size, as: 


2 2 2 1/2 
; (Z) ev) 1(ôəôU əv 
v =C — | +| — | +- —+— 
Ox Oy 2\ Cy Ox 


where £ is the mixing length, approximated as equal to half the grid cell size 4x (Madsen et al., 1988). 


(6) 


Differential Equations 1, 2 and 3, are approximated by finite difference equations according to the 
explicit scheme developed by Koutitas (1988). Land in the model is represented as a total reflection 
boundary, where U = 0, V = 0 and &/cm = 0, n being the unit vector normal to the boundary. 


2.2 The advanced nearshore wave propagation model 

Over the years, the classical Boussinesq equations have been extended so as to be able to include 
higher order nonlinear terms, which can describe better the propagation of highly nonlinear waves in 
the shoaling zone. The linear dispersion characteristics of the equations have been improved as well, 
in order to describe nonlinear wave propagation from deeper waters (Zou, 1999). 
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Based on the aforementioned velocity profile, the following higher order Boussinesq-type equations 
for breaking and nonbreaking waves can be derived (Zou, 1999; Karambas and Koutitas, 2002; 
Karambas and Karathanassi, 2004): 


¢,+V (AU) =0 (1) 


I l l l l 
U, +7 VM, -7 UV(Uh) + 8V6 +G= zI [V (40,) j-p V [VU] zV V(U, +gVC)|+ 


vv (av, + gd°VC)| -dV(8V-U), i +E = 
where Mu is defined as: 
M, =(d+¢)u; +d(c? -u;) (3) 
and G as: 
c=iv{e|(v-0) -uvu -Eve (u-u) |b- iev [v-a] (4) 


In Equations. 1 to 4 the subscript “t” denotes differentiation with respect to time, d = still water depth, 
U = horizontal velocity vector U = (U,V) with U and V being the depth-averaged horizontal velocities 
along the x- and y- directions respectively, ¢ = surface elevation, h = total depth (h = d+), g = 
gravitational acceleration, Tb = (Tox , Toy) = bottom friction term (shear stress components 
approximated by the use of the quadratic law according to Ribberink, 1998), ô = roller thickness 
(determined geometrically according to Schäffer et al., 1993), E = eddy viscosity term (according to 
Chen et al, 1999), and Uo = bottom velocity vector Uo = (Uo, Vo) with uo and vo being the instantaneous 
bottom velocities along the x- and y- directions respectively. 


The Boussinesq-type equations with the improved nonlinearity and linear dispersion characteristics 
in deeper water, are accurate to the third order O(e’,e07,0*) (Zou, 1999); the nonlinearity and 
dispersion parameters are defined as ¢ = A/d and o = d/Lo respectively, where A = characteristic wave 
amplitude and Lo = characteristic wave length. 


The numerical solution of the Boussinesq-type equations is based on the accurate higher-order 
numerical scheme of Wei and Kirby (1995), with the respective scheme consisting of the third-order 
in time explicit Adams—Bashford predictor step and fourth-order in time implicit Adams—Bashford 
corrector step (Press et al., 1992; Wei and Kirby, 1995). 


Finally, regarding coastal flooding, the process is simulated using the “dry bed” boundary condition 
which, according to Militello et al (2004), can be written as the following set of pairs of conditions 
for any given grin point (ij): 


if (d+¢) ij > her and (d+¢) i-Lj < her and Ui. j ` 0 Eg Ui; = 0 
if (d+C)i,j > her and (d+C)i,j-1 < her and Vij > 0 — Vij = 0 

if (d+¢)i,j < her and (d+C)j-1, < her zy Ui; = 0 
if (d+C)ij < Mer and (d+¢)ij-1 < her > Vij =O 

if (d+Q)ij < he and (d+)i-rj > her and U; < 0 > Uj = 0 


if (d+Q)ij < her and (d+ġij-1 > herand Vij < 0 — Vij=0 
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where ¢is the mean water surface elevation and hcr is a terminal depth below which drying is assumed 
to occur (here this depth is set to er = 0.001 m). 


3. MODEL VALIDATION 


The capability of the presented model in the representation of coastal flooding was validated through 
the comparison with the two-dimensional (cross-shore) experimental data by Roeber at al. (2010), 
who tested wave transformation over idealized fringing reefs, carrying out a series of experiments in 
two flumes at the O.H. Hinsdale Wave Research Laboratory of Oregon State University. 
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Figure 1: Surface profiles of solitary wave transformation over a dry reef flat with A/d = 0.5 
and a 1:5 slope. Solid lines denote the results of the presented model and circles denote the 
measurements of Roeber et al. (2010) 
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Figure 2: Surface profiles of solitary wave transformation over an exposed reef crest with A/d 
= 0.3 and a 1:12 slope. Solid lines denote the results of the presented model and circles denote 


the measurements of Roeber et al. (2010) 


The experimental setup in the first — 48.8 m long, 2.16 m wide and 2.1 m high — flume, included a 
steep 1:5 slope starting at x = 17.0 m, followed by a reef flat up to the flume’s rigid wall at 
x = 45.0 m (x being the direction along the flume). The test in this flume regarded a steep solitary 
wave of A = 0.5 m and a water depth of d = 1.0 m, resulting in A/d = 0.5 and an initially dry reef flat. 
Figure 1 shows the comparison between measurements and model results for this test, as a series of 
snapshots of surface profile evolution. Measured and computed data are in very good agreement at 
all transformation stages. The model successfully captures the wave’s skewness as it propagates 
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across the toe of the slope, the formation of its steep front over the steep slope, and its eventual flow 
transition from sub- to super-critical as it surges over the reef flat. 


The experimental setup in the second — 104.0 m long, 3.66 m wide and 4.57 m high — flume, included 
a fore reef slope of 1:12 starting at x = 25.9 m, a 0.2 m reef crest and a reef flat behind it up to the 
flume’s rigid wall at x = 83.7 m (x being the direction along the flume). The test in this flume regarded 
a steep solitary wave of A = 0.75 m and a water depth of d = 2.5 m (A/d = 0.3), initially exposing the 
aforementioned reef crest by 0.06 m and submerging the reef flat with 0.14 m of water. Figure 2 
shows the comparison between measurements and model results for this test, as a series of snapshots 
of surface profile evolution. Again, as for the first test, measured and computed data are in very good 
agreement at all transformation stages. The model successfully captures wave shoaling over the 
relatively gently slope, wave breaking on top of the reef crest, as well as the propagation of the wave 
bore (clearly identified by the bore front) over the reef flat. 


4. MODEL APPLICATIONS 


The presented model was applied to the area of the Bay of Thessaloniki, i.e. the northern part of 
Thermaikos Gulf, located in northwestern Aegean Sea, Greece. Figure 3 shows the geographic 
location and a satellite image of the study area. 


The model domain was bounded to the south by the virtual East-West line connecting the Mikro 
Emvolo Cape to the western coast of the Bay (see Figures 4 and 5). The intermittently dry/wet area 
at the western part of the Bay (green dotted area in Figures 4 and 5) was modelled as a dry flat for the 
scenarios run in this work; this is justified by the consideration that the specific area — even when wet 
at highest tide — is covered by no more than a few centimetres of water. The domain also included the 
projected final geometry of the 6th pier of the Port of Thessaloniki (grey crossed area in Figures 4 
and 5), while it should also be noted that the artificial coast of the Bay of Thessaloniki (Port of 
Thessaloniki and waterfront eastwards of the Port up to the Mikro Emvolo Cape) was modelled as a 
solid boundary (i.e. no flooding allowed). 


< 


Port of 
Thessalonik 


Bay of Thessaloniki 


GREECE © 


Figure 3: Geographic location and satellite image of the study area (Google Earth, 2018; 
privately processed) 


The model was run for a/two representative scenarios of climate change- induced wave and storm 
surge events. The first scenario (henceforth denoted by S/) regarded a southern wave of significant 


497 


Protection and restoration of coastal zone and open sea waters 


wave height H, = 1.58 m and peak period T, = 4.60 sec. The second scenario (henceforth denoted by 
S2) regarded the same wave combined with a storm surge of height SSH = 0.50 m. 


Figure 4 shows model results for scenario S7, indicating the flooded area at the western coast of the 
Bay of Thessaloniki; Figure 5 shows the respective results for scenario $2. The model performed 
satisfactorily in both cases, resulting in smooth flooding contours that follow the modelled 
topography. For scenario S/ the flooded area mainly covers parts of the aforementioned dry flat 
(flooded area approximately equal to 2.5 km7), while for scenario $2 the flooding covers most of the 
dry flat and extends to the low-lying coastal areas of the Bay as well (flooded area approximately 
equal to 6.3 km”). 


5. CONCLUSIONS 


Knowledge of the flooding extent is critical in relevant studies, as it allows the direct quantitative 
assessment of the impact of climate change on coastal areas, using the projected flooded area as the 
basis for the evaluation of the respective damage and adaptation costs (Hinkel et al., 2014). The use 
of advanced numerical models in the above context has certain advantages over estimates of the 
flooded area from simple superelevations of the water surface or from the spatial extension of cross- 
sectional run-up results, as such models are able to simulate the inundation over complex natural 
and/or artificial topographies, resulting in more accurate, case-specific results, suitable for detailed 
coastal flooding risk assessment and mitigation. 


Following this rationale, this work presents a coastal flooding model consisting of a storm surge 
model and an advanced nearshore wave propagation model based on the solution of the 
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Figure 4: Model results indicating the flooded area for scenario S1 
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Figure 5: Model results indicating the flooded area for scenario S2 


higher-order Boussinesq-type equations for breaking and non-breaking waves. The model was 
validated through the comparison with two-dimensional experimental data of wave transformation 
over idealized fringing reefs (Roeber et al., 2010), and was afterwards applied in order to simulate 
the effect of two representative scenarios of climate change- induced wave and storm surge events on 
coastal flooding for the area of the Bay of Thessaloniki, in Greece. The presented model performed 
well overall, highlighting its capabilities and setting the basis for a comprehensive evaluation of 
similar models’ use in the above context. 
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Abstract 

The term Watershed-Coast Systems (WACS), coined by Samaras and Koutitas (2014a), refers to the 
entities consisting of watersheds of rivers/natural streams and the areas adjacent to their outlets where 
sediment delivery from the upstream is critical for the balance of the coastal sediment budget, thus 
playing a key role in long-term evolution of coastal morphology. In the present work, a concise critical 
review of the existing knowledge on the integrated modelling of WACS’ morphodynamics is 
presented, along with considerations regarding the introduction of the impact of climate change in 
the above context. This work systemises the theoretical background of this emerging scientific field 
and highlights the major challenges ahead, setting the basis for a comprehensive evaluation of the 
methodological approaches used in relevant research with a clear focus on their applicability. 


Keywords: Watershed-coast systems, integrated approaches, morphological modelling, climate 
change 


1. INTRODUCTION 


Climate change is an issue of major concern nowadays. Its impact on the natural and human 
environment is studied intensively, as the expected shift in climate will be significant in the next few 
decades (IPCC, 2013). Located at the land-sea interface, coastal areas are subject to a wide range of 
natural- and human- induced pressures. Inhabited by almost two thirds of the world’s population, it 
goes without saying that the impact of climate change will extend from morphological implications 
(i.e. erosion, flooding) to significant socio-economic ones, threatening not only settlements and 
infrastructure, but human life as well. Moreover, the connection of coastal areas to upstream 
watersheds through water and sediment transport in estuaries extends the spatial scale of climate 
change effects in watersheds to coastal areas as well. 


The term Watershed-Coast Systems (WACS), coined by Samaras and Koutitas (2014a), refers to the 
entities consisting of watersheds of rivers/natural streams and the areas adjacent to their outlets where 
sediment delivery from the upstream is critical for the balance of the coastal sediment budget, thus 
playing a key role in long-term evolution of coastal morphology. Given the fact that the connection 
of these two fields is self-evident, it is deduced that climate change will not only impact coasts through 
affecting sea levels, currents and waves but also through its effects in watersheds (Li and Fang, 2016) 
that will “travel” downstream contributing to a series of coastal processes, from the disturbance of 
the stability of estuaries to wide-scale morphodynamic changes. 


The objective of this work is to provide with a concise overview of the theoretical background of 
coastal evolution modelling, leading through a critical review of its strengths and weaknesses to a 
comprehensive evaluation of: (a) the advances and gaps in the modelling of WACS; (b) the 
introduction of climate change in the above context; and (c) the major challenges ahead in this 
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emerging scientific field. Fundamental concepts of coastal evolution understanding and modelling 
are presented in Section 2; advances in the integrated modelling of WACS are presented in Section 
3, including considerations for such modelling attempts under a changing climate; Section 4 presents 
the major challenges ahead towards the effective implementation of relevant methodological 
frameworks for watershed/coastal management and engineering purposes, while Section 5 
summarises the conclusions drawn from this work. 


2. COASTAL EVOLUTION: CONCEPTS AND MODELLING 


The evolution of coastal morphology has been studied extensively over the years, starting from purely 
theoretical concepts for the systemisation of empirical knowledge and observational understanding, 
up to entire methodological frameworks for the implementation of modelling tools of varying types 
and complexity in order to simulate natural and human induced geomorphic processes at different 
scales in space and time. 


The above are intermittently organized and presented in various review papers. However, not many 
of them are truly insightful, ending up being repetitive and overcomplicated due to: (a) the tendency 
to amass references rather than classify and highlight the most important of them, and (b) lack of 
focus of their review thesis. The above do not help in resolving a series of ambiguities on issues 
ranging from the terminology used for relevant geomorphic systems and processes, to the 
applicability of the proposed methodologies in order to effectively address “real-world” problems in 
watershed/coastal management and engineering. 


This work aspires to set a new paradigm in relevant research, limiting the amount of excessive 
references and setting its focus on the dynamics of Watershed-Coast Systems (see Section 3). 
Furthermore, being the first step towards an extended critical review by the authors, in its present 
form it is intentionally self-constrained to the presentation and brief analysis of only a few works that 
— in the authors’ view — stand out in literature. 


2.1 The coastal tract concept 

Building essentially on the fundamental “coastal sediment budget” concept, Cowell et al. (2003a), in 
a landmark work, devised and presented three related concepts: (a) the coastal tract; (b) the coastal- 
tract cascade; and (c) coastal-tract templating (see Figure 1). The coastal tract was defined by the 
authors as “a spatially contiguous set of morphological units representative of a sediment-sharing 
coastal cell”. Its composite nature implies that its actual form can vary geographically and, therefore, 
any individual coastal tract has meaning only in the context of analysing a specific problem, for a 
specific site, on an associated time-scale. The coastal-tract cascade was introduced as the means in 
order to separate low-order coastal change from morphodynamics on smaller space and time scales, 
with contiguous morphological units being associated with intermediate morphodynamic scales in 
the cascade hierarchy in the way presented in Figure 2b. Finally, coastal-tract templating was 
introduced as a protocol for the design of numerical modelling experiments (definition of boundary 
conditions and extent of coastal cell, data transformation, etc.), which would also be able to clarify 
significant processes for each such experiment. 


Regardless of its limitation with respect to the study of WACS that are briefly analysed in Section 3, 
it is true that the coastal tract concept as a whole set the precedent for a series of studies on 
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Figure 1: (a) Physical morphology encompassed by the coastal tract; (b) coastal-tract cascade; 
(c) nested systems of the coastal-tract cascade (figures adopted from Cowell et al., 2003a). 


coastal evolution modelling, and “traces” of its constituent concepts can be identified in most of the 
studies that succeeded it. 


2.2 The CSDMS approach 

The Community Surface Dynamics Modeling System (CSDMS; Peckham et al., 2013) proposes a 
component-based approach to integrated modelling, aiming to simulate the full range of Earth-surface 
processes on time scales ranging from individual events to millions of years. This NSF-funded 
international and community-driven effort essentially works towards founding a new paradigm in the 
modelling of earth-surface dynamics, adopting a component-based software development framework 
and creating a suite of modular open-source numerical models that can be used to perform coupled 
simulations at various scales of interest in space and time. 


Using CSDMS one could, ideally, simulate the entire water cycle and its effect on landscape 
evolution, by coupling climate, atmospheric, hydrological, terrestrial, ocean and coastal models, with 
the potential to represent all involved processes. However, it is even intuitively deduced that such a 
complicated task also involves a large number of problems and uncertainties. These range from mere 
computational issues (computational time, input/output models’ interface, data formats’ 
compatibility, etc.) to issues regarding the essence of attempting to couple models that come from 
different scientific disciplines, that are built to operate at different scales and that focus on different 
aspects of the natural world (see discussion in French et al., 2016). The limitations of the 
implementation of this approach regarding the subject of this work are briefly analysed in Section 3. 


2.3 The iCOASST Project 

The NERC-funded project iCOASST (integrating COASstal Sediment sysTems) focused on the 
simulation of decadal coastal morphodynamics, in order to achieve a breakthrough in the prediction 
of coastal behaviour under conditions of change. A number of conceptual and applied works that 
resulted from this project stand out in literature. However, special reference should be made to: 
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French et al. (2016), who provide with a thorough and insightful assessment of the appropriate 
complexity for the prediction of mesoscale coastal and estuarine behaviour; van Maanen et al. (2016), 
who presented a new framework for decadal coastal management, integrating a series of 
complimentary modelling approaches ranging from reduced complexity models to qualitative 
conceptual models; and Payo et al. (2017), who presented Coastal Modelling Environment version 
1.0 (CoastalME), a framework for integrating landform-specific component models and applied it, as 
a proof-of-concept, for representative geomorphic systems. 


The modelling approach of CoastalME is based on dynamically linking line and raster objects in order 
to simulate coastal evolution, and is schematically represented in Figure 2. The middle panel shows 
how a real-world geometry (top panel) is conceptualized as three distinct types of elements, namely: 
shorelines, shore-face profiles and estuaries. All three fundamental elements can share sediment 
among them, while the shore face (bottom panel) comprises both consolidated and non-consolidated 
material, the former adding to the drift material depending on sea level and wave energy constraints. 
Eventually, the large-scale coastal behaviour models integrated in CoastalME predict morphology 
evolution as the combined change in the aforementioned constituent elements. 


3. ON THE INTEGRATED MODELLING OF WACS AND CLIMATE CHANGE 
IMPACT 


3.1 The physical problem in question and the limitations to its study 

Coastal morphology evolves as the combined result of both natural- and human- induced factors that 
cover a wide range of spatial and temporal scales of effect. Areas in the vicinity of river and natural 
stream mouths are of particular interest, as the direct connection with the upstream watershed extends 
the search for drivers of morphological evolution from the coastal area to the inland as well, especially 
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considering that the terrestrial field contributes approx. 90% of the sediment entering the global ocean 
(Syvitski et al., 2003). 


However, despite the fact that the connection of the terrestrial field and the coastal field — as well as 
their behaviour as a spatiotemporal entity — is self-evident, literature lacks of references that study 
their dynamics concurrently and under the perception of an integrated morphodynamic system. The 
impact of watershed management (dams, regulation works, land use changes, etc.) on coastal 
dynamics has been studied to some extent, but this was mostly done either qualitatively, or 
identifying/surveying the impact without modelling the dynamics, or using data at the watershed 
outlet without them being subject to evaluation and further examination (e.g. Luan et al., 2016). The 
introduction of the impact of climate change imposes an additional challenge to be met, as climate 
pressures have to be added to the aforementioned system, affecting not only the dynamics in the 
watershed and the coast, but their interaction as well. 


Samaras and Koutitas (2014) coined the term Watershed-Coast Systems (WACS), in order to describe 
the entities consisting of watersheds of rivers/natural streams and the areas adjacent to their outlets 
where sediment delivery from the upstream is critical for the balance of the coastal sediment budget. 
In this context, the physical problem in question under our changing climate can be divided into four 
basic components: (A) climate change; (B) watershed dynamics; (C) coastal dynamics; and (D) 
integration of the WACS (Figure 3). Components (B) and (C) have been extensively studied over the 
years; the last few decades so are (A) and, to a lesser extent, the impact of (A) on (B) and of (A) on 
(C). The most important component, though, the integration of the watershed-coast system (D) — 
which independently of (A) defines the essence of the WACS concept — has not been analysed to the 
extent one would expect to considering its importance for coastal evolution modelling. 


The works presented in Section 2, as already mentioned, stand out in literature. Nevertheless, they do 
all present specific limitations regarding the integrated modelling of WACS. The two most essential 
limitations are briefly presented in the following; it is noted that, in the context of this work, they 
should be examined along with the issues listed in Section 4. 


The first and most important limitation in many relevant approaches is the not-integrated study of the 
terrestrial and coastal fields as an entity; this applies to the coastal tract and iCOASST project 
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Figure 3: The physical problem in question (SWFWMD, 2014; privately processed). 


approaches in the previous. Limiting the study of coastal morphology evolution at the outer (or at 
most the inner) estuary, i.e. using flow rate and sediment discharge as inputs from other individual 
studies, limits the capability of better understanding the dynamics of the system as it hinders the 
understanding of its evolution up to now, and therefore of its projected future behaviour. Given that, 
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historically, natural- and human- induced factors have combined to not only shape the Earth’s surface 
but also affect and/or dictate changes in watersheds (e.g. from changes in cultivation practices, to 
technical interventions and up to population movements), it is counter-intuitive to leave watershed 
dynamics out of the study of coastal morphodynamics. As an example regarding the modelling of 
WACS under future climate scenarios, one should think about how accurate a projection about coastal 
morphology evolution could be if, let’s say, the effect of increased drought in watershed dynamics 
(i.e. alteration of cultivation processes leading to a decrease in overland erosion resulting in 
subsequent decrease in sediment delivery to the coast) was not to be studied and taken into account 
for the definition of the morphodynamic system’s forcings. This is one aspect of what component (D) 
in the previous is about. 


The second limitation regards the scales in space and time at which relevant approaches have been 
successfully implemented, as well as how these scales relate to actual case-studies of importance for 
watershed/coastal management and engineering purposes. This is another aspect of what component 
(D) in the previous is about. This second limitation applies to the coastal tract approach, which is 
subject to the first limitation too, but also to the CSDMS approach which does study WACS as 
entities. Following the coastal tract approach, Cowell et al. (2003b) modelled coastal change for four 
case studies of actual contrasting continental margins around the world, limited however to time 
scales of 10? to 10° years. Following the CSDMS approach, Ashton et al. (2013) used the modelling 
system’s capabilities to couple watershed and coastal dynamics, but only to simulate the evolution of 
an idealized WACS under scenarios of changes solely in climatic pressures and for over 10° years, a 
research attempt applicable to the study of the emergence of landforms rather than that of mesoscale 
coastal evolution. 


3.2 Towards the integrated modelling of WACS for management and engineering purposes 
Approaches that have attempted to overcome the basic limitations described in the previous have 
been presented by Samaras and Koutitas (2012) and Duong et al. (2016). 


Samaras and Koutitas (2012) proposed an integrated approach to study the impact of watershed 
management on coastal morphology through numerical modelling. Its essence refers to a coupled- 
calibration approach of the models in the watershed and the coast, which incorporates three scenarios 
of data availability regarding the parameters of interest in both fields (overland sediment transport 
and coastal sediment transport and morphology). The specific approach is divided in three discrete 
stages, namely: (a) the stage of preliminary operations, (b) the stage referring to the preparation for 
the applications of the numerical models and (c) the stage comprising the final applications of the 
numerical models. Its flowchart is presented in Figure 4 and its detailed analysis in the original 
publication; it is essential to underline, though, the role of the sediment discharge at the watershed 
outlet (denoted by qs in Figure 4) in the entire extent of the methodological approach, operating as 
the quantitative link between the models in the watershed and the coast during simulations. Samaras 
and Koutitas (2014a) presented the successful implementation of their approach for the study of a 
WACS in North Greece, where severe erosive phenomena in the vicinity of a small watershed outlet 
were attributed to extensive land-use changes in the watershed over a couple of decades’ time. In a 
follow-up work (Samaras and Koutitas, 2014b), the authors presented a first attempt on the 
introduction of climate change in the integrated study of WACS, through the study of distinct 
scenarios that dictated changes in specific weather/climate characteristics, in accordance with basic 
IPCC projections. 


This body of work as a whole (both conceptual and applied parts) does present certain advantages for 
the study of WACS, such as: (al) its focus and applicability to scales suitable for 
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Figure 4: Flow chart of the methodological approach of Samaras and Koutitas (2012). 


watershed/coastal management and engineering purposes; (a2) its applicability to data poor 
environments; (a3) its focus on the relative impact of changes in watershed management and climate 
pressures on coastal morphology evolution in order to study case-specific phenomena; and (a4) its 
flexibility in the study of climate change impact on WACS dynamics through a scenario-based 
approach, which allows for the simulation of multiple potential future states with limited 
computational effort. Nevertheless, there is still ground to cover, regarding: (b1) applications to 
WACS of varying characteristics and dynamics and (b2) the approach’s connection to climate change 
models, as well as the general major challenges presented in the following section. 


Building on the conceptual modelling framework set by Ruessink and Ranasinghe (2014) and 
Ranasinghe (2016), Duong et al. (2016) presented a thorough analysis on assessing climate change 
impacts on the morphological stability of small tidal inlets. The modelling framework presented in 
Figure 5 does retain the WACS approach discussed in the previous (proposing the concurrent 
modelling of both watershed and coastal dynamics; see also Figure 3), while it also formally defines 
the steps needed in order to incorporate climate change into the problem in question through ensemble 
modelling. Particularly regarding climate change impacts on coastal change, the authors suggest that 
they could be evaluated through the analysis of sets of “strategic snap-shot” (~ lyear) simulations for 
future forcings, which should be run for desired future times (e.g. 2050, 2100). Duong et al. (2017, 
2018) applied this approach to three case study sites along the southwest coast of Sri Lanka, the first 
study perceiving them as data poor environments and the second one as the data rich environments 
they actually represented. 


Again, this body of work does present certain advantages for the study of WACS. These include (al) 
and (a2) described in the previous but also extend to: (a5) the incorporation of the study of climate 
change impacts through ensemble modelling; and (a6) the adaptation and testing of 2D coastal 
evolution modelling to the above framework. However, limitations do exist in this approach as well, 
regarding: (b3) the inherent difference between estuaries in general and small tidal inlets this 
approach refers and was applied to; (b4) the uncertainty regarding how “snap-shot” simulations 
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Figure 5: The modelling framework applied by Duong et al. (2016) in order to study climate 
change impact on the stability of small tidal inlet (figure adopted from Ranasinghe, 2016). 


could actually be useful in the process of strategic planning in WACS; and (b5) the unclarity of how 
watershed modelling was actually applied in the three cases studies (Duong et al., 2017, 2018), since 
this aspect, according to the authors, was studied by previous researchers and not during studying the 
dynamics of the specific systems as entities. The general major challenges presented in the following 
section apply to this approach as well. 


4. MAJOR CHALLENGES AHEAD 


As seen from the previous, the integrated modelling of WACS has come a long way over the years, 
with several important research attempts laying the ground towards a better understanding of how 
watershed and coastal processes are intertwined into a web co-dependencies regarding coastal 
morphology evolution, how future climate change would affect such systems, and, eventually, how 
scientists could be able to describe the above through numerical modelling in order to plan climate 
change adaptation in coastal areas. Conclusively, major challenges ahead can be coded into the 
following issues, moving from general to specific ones: 


(1) Setting the framework for resolving long-standing issues on the mutual understanding of essential 
processes in the study of WACS between different disciplines, which — although trivial in essence — 
are still hindering transcendence between scientific fields. 


(2) Conceptualizing and defining what should be considered as a “satisfactory representation” of 
coastal change in the study of WACS (i.e. in terms of morphological features evolution/analysis and 
resolution in space and time). 
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(3) Integrating the concurrent study of climate change and watershed/coastal dynamics into a robust 
framework and a respective modelling system that will be suitable for management and engineering 
purposes (and will be properly tested in successfully doing so). 


(4) Resolving the issue of identifying and adequately representing co-dependent processes in WACS 
whose temporal evolution varies interanually and/or over annual/decadal scales as, simply put, 
significant events won’t happen at the same time or time frame in the terrestrial and the coastal fields 
(this applies to modelling WACS under climate change as well). 


(5) Defining modelling parameters that can act as “quantitative links” between watershed and coastal 
processes that are co-dependent for the evolution of coastal morphology. 


(6) Identifying the suitable complexity for riverine sediment input analysis, with regard to how this 
input to the coastal environment should be modelled. 


The in-depth analysis of the above issues is understandably quite complicated and will be the subject 
of a future extended version of this work. 


5. CONCLUSIONS 


This work presents a concise critical review of the existing knowledge on the integrated modelling of 
Watershed-Coast Systems’ (WACS) morphodynamics, along with considerations regarding the 
introduction of the impact of climate change in the above context. Through the theoretical background 
of conceptualizing and modelling coastal evolution, as well as the recent advances in the study of 
WACS under a changing climate (along with the analysis of their strengths and limitations), major 
challenges ahead are identified and coded into six main issues. These issues encompass the essence 
of the authors’ view on how to move forward towards a better understanding and simulation of such 
systems in order to plan climate change adaptation in coastal areas. 
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Abstract 

The aim of the present paper is to analyse the recent morphological evolution of the sandy barriers of 
Ria Formosa, a multi-inlet system located in South Portugal, to assess evolution regimes and related 
controlling factors and to identify resilience mechanisms in response to natural and artificial drivers 
of change. The data collected comprise aerial photographs and wave buoy and hindcast time-series, 
covering the period from the 1950s to 2014. The results show that the barriers have either been 
growing, or remaining stable. The growth patterns were either promoted by natural mechanisms, or 
triggered by stabilization works and supported by natural factors (e.g. longshore transport, shoal 
attachment). The presence of a broad marsh platform in the backbarrier was found to promote barrier 
stability, while the sustainance of transgressive barriers is advocated by frequent overwash, combined 
with low depths in the backbarrier lagoon and localised replenishment of sand. These long-term 
evolution regimes and their relation to artificial and natural factors show that the barriers of Ria 
Formosa have been resilient during the time-frame of the study, either absorbing disturbances 
(Armona and Tavira), or adapting to change while maintaining their functions (rest of the barriers). 


Keywords: Geomorphology, remote sensing, multi-decadal analysis, ecological resilience 
1. INTRODUCTION 


Ria Formosa is a roughly triangularly-shaped multi-inlet barrier island system (Figure 1) in southern 
Portugal, with a total extension of around 55 km, and expanding at a maximum distance of 6 km from 
mainland (at Cape Santa Maria). At present, it consists of two peninsulas and five islands, developed 
along two flanks, while the connection between the tidal lagoon and the ocean is performed through 
six tidal inlets. The more energetic western flank is impacted by frequent (71% occurrence) waves 
originating from W-SW and the longer, eastern, flank is exposed to E-SE waves (23% occurrence) 
[Costa et al., 2001]. The tidal regime is semi-diurnal, with average amplitudes of 1.3 and 2.8 m for 
neap and spring tides, respectively, while maximum spring tides can reach 3.5 m. The wave climate 
is moderate, with average annual offshore significant wave heights of 1.0 m and peak periods of 8.2 s 
[Costa et al., 2001]. The area, declared a Natural Park, is of high ecological and socio-economic 
significance [Guimaraes et al., 2012]; it is the most important wetland in South Portugal, supporting 
a variety of diverse habitats and species (e.g. dunes, marshes, seagrasses, etc.), as well as various 
anthropogenic activities (e.g. fisheries, tourism, bivalve gathering, etc.). Still, the crucial importance 
of the sandy barriers themselves to the existence and persistence of the entire system and the 
supported habitats is often overlooked. 


The aim of the present paper is to investigate the recent (past 60 years) long-term morphological 
evolution of the barriers of Ria Formosa in the presence of human interventions and natural processes 
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(i.e., storms), to identify the main drivers of change for each barrier and, based on those results, to 
gain insights on the major mechanisms promoting resilience. 


Eke} 


c- 


DPO 
ISO 


Figure 1: The Ria Formosa barrier island system; the location of the Faro buoy and the Santa 
Maria Cape are noted on the map, as well as the names of islands, peninsulas, inlets and the 
division of Armona to W and E. 


2. DATA AND METHODS 


The morphological evolution analysis was based on aerial photographic data that cover the period 
from 1947 to 2014. Aerial photographs were georeferenced using the orthophotography of 2002 
(oldest available orthorectified photos) as the basis for a backwards-in-time process. The available 
flights, related characteristics of the rasters and the RMSE related with the georeferencing process 
are given in Table 1; the average Residual (Res.) RMSE refers to the error remaining after 
rectification, while the average Accumulated (Acc.) RMSE refers to the error that can cumulate due 
to the backwards-in-time georeferencing (assessed comparing each flight with the 2002 orthophotos). 
The average Res. RMSE ranges from 0.6+0.2 m for the most recent, high-resolution, flights, to 
1.6+0.6 m for the oldest ones. The Acc. RMSE is also low, between 0.6 and 1.1 m for high-resolution 
flights and reaches 2 m for low-resolution aerial photographs. 


To assess the barrier evolution, the wet-dry line was digitised, as a shoreline proxy in the ocean side 
and the limit of upper-mash vegetation, or the debris line (MHWL) was digitised, as a coastline proxy 
for the lagoon side. It is noted that the wet-dry line includes a high variability due to the tidal level 
and swash runup at the time of the flight. Weighted Linear Regression (WLR) analysis was performed 
on the entire dataset, using the Digital Shoreline Analysis Tool [Thieler et al., 2009]. The uncertainty 
values used were taken equal to the total shoreline position error [Morton et al., 2004], calculated 
from the rectification and digitizing errors. The former was defined as the total Acc. RMSE for each 
island and the latter was related to the image cell size [Jabaloy-Sanchez et al., 2014]. 


In terms of forcing, significant wave heights from the Faro buoy were used; the insitu data cover the 
period from 1993 to 2014 and was complemented with hindcasting results (SIMAR; Spanish State 
Port Authority) for the period 1958-1992. The storm thresholds considered are 2.5 m for significant 
wave height and 6 hours for storm duration [after Oliveira et al., 2018]. Only waves incident to the 
coast were taken into account for each flank (e.g. for E flank only waves from the SE sector: E to S). 
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Table 1: List of available rasters, including year, resolution, bands (1: BW, 3: RGB, 4: 
RGB+NIR), average Residual (Res.) RMSE and Accumulated (Acc.) RMSE. Datasets prior to 
2001 are orthoimages. 


Year Resolution Bands hier as TR Year Resolution Bands Ao a ‘cise ea 
2014 0.7m 4 - - 1989 1:8000 3 1.0 1.0 1.4 
2009 0.5m 3 - - 1986 1:8000 3 0.7 + 0.4 1.1 
2008 0.7m 4 - - 1985 1:15000 1 1.2+ 1.6 1.3 
2005 3.5m 3 - - 1980 variable 1 1.01.9 1.6 
2002 3.5m 3 - - 1976 1:30000 1 1.11.6 1.8 
2001 1:8000 3 0.6 + 0.2 0.6 1972 1:6000 1 0.8 + 0.5 1.1 
2000 1:8000 3 0.7 + 0.6 0.8 1969 1:25000 1 1.1 +0.6 1.5 
1999 1:8000 3 0.6 + 0.2 0.8 1958 1:26000 1 1.1 +0.7 2.1 
1996 1:8000 3 0.8 + 1.0 1.0 1952 1:20000 1 1.1 + 0.6 1.7 
1989 1:10000 1 0.7 + 0.2 1.2 1947 unknown 1 1.6 + 0.6 2.0 


3. RESULTS AND DISCUSSION 


3.1 Linear regression analysis 

The results of the long-term morphological analysis of the barriers are given in Figures 2 and 3 for 
the western (Ancão Peninsula and Barreta and Culatra Islands) and for the eastern (Armona, Tavira 
and Cabanas Islands and Cacela Peninsula) part of Ria Formosa, respectively. To show the main 
evolution patterns and to facilitate interpretation of WLR rates, indicative digitised shorelines (1950s, 
1980s and 2014) are also presented. For Cabanas-Cacela 1996 is the last flight examined. Given that 
natural inlets are highly energetic environments, with temporal scales of change much smaller than 
the frame of study, the WLR rates presented and discussed focus mainly on the areas of the barrier 
not the directly affected by inlets. 


The evolution of the Ancão Peninsula is dominated by longshore sediment transport and the eastward 
migration of the Ancão Inlet [Vila-Concejo et al., 2002]. As seen in Figure 2a, the backbarrier is 
generaly stable, with low rates of -0.2 to +0.4 m/yr, while, in the oceanfront, retreating shoreline 
tendencies prevail in the western part and accretive in the eastern, ranging within +0.8 m/yr. In the 
inlet-affected eastern part of the barrier the variability increases in both margins. In Barreta Island 
(Figure 2b), the beach is dominated by strong progradation, with rates that reach 6 m/yr in the Santa 
Maria Cape and range from +2.4 to +3.5 m/yr in the rest of the coast of the western flank. The 
southward expansion of the island (maximum shoreline progression of 350 m between 1952 and 2014 
at the Cape) is due to the stabilisation of the Faro-Olhão (hereafter F-O) Inlet that enabled the 
entrapment and accumulation of longshore sediment drift. In the vicinity of the F-O Inlet, erosive 
tendencies that reach -1.0 m/yr are observed, possibly due to local flow conditions near the western 
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jetty. In the leeside, the coast is very stable, with near-zero rates, mainly due to the presence of a 
broad, mature marsh. The evolution of Culatra Island (Figure 2c) is dominated by the rapid eastward 
elongation of the island, also initiated by the stabilisation of the F-O Inlet. The stabilisation caused 
sediment starvation to the western shore, with recession rates of -0.5 to -2.0 m/yr, and a decrease in 
the tidal prism of the downdrift Armona Inlet [Pacheco et al., 2010] that resulted to the attachment of 
the ebb delta shoals to Culatra and accretion of the eastern part of the island, with rates that reach 
22 m/y. The island tip progressed eastwards by an average of 3.2 km between 1952 and 2014. The 
backbarrier area of the island is relatively stable, with low rates of +0.5 m/yr in the western, oldest 
part and with slighly higher variability and erosive tendencies of, on average, -0.6 m/yr in the eastern, 
recently formed, part. 


Shoreline Legend 
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Figure 2: WLR values (in m/yr) for Ancão Peninsula (a) and Barreta (b) and Culatra (c) 


Islands, presented as coloured dots along the ocean and lagoon-side baselines (erosive rates: 
red-yellow; accretive rates: green-blue-purple, with reference to the horizontal colour-bar); 
indicative shorelines are presented and the location of the area is noted on the (top-left) map. 
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Armona Island (Figure 3a), also impacted by the reduction of the tidal prism in the updrift Armona 
Inlet, grows towards the NW near the inlet, with average shoreline progradation of 470 m during the 
study period, significantly lower than the one of Culatra. The related rates in the area are of the order 
of +5.5 to +15.5 m/yr. These accretive tendencies extend along the ocean side until the middle of the 
island, with decreasing rates towards the east (average of +0.6 m/yr) and turn erosive near the Fuzeta 
Inlet, ranging from -0.2 to -1.6 m/yr. The island has an extensive backbarrier and the lagoon-side 
coastline is stable, apart from the areas near the inlets, where rates can reach -6.8 and +9.6 m/yr. 
Tavira Island also possesses a mature and extensive marsh in the backbarrier and, thus, the rates in 
the related coastline are near-zero. In the ocean side, the shoreline is accreting near the Tavira Inlet 
(up to 3 km from the jetty, updrift), on average by 1.5 m/yr and by a maximum of +4.8 m/yr, and 
retreating in the central part, with an average rate of -0.8 m/yr. For Cabanas Island and Cacela 
Peninsula, hereafter referred to as C-C for brevity, the analysis extends only up to 1996, due to 
extensive nourishment in the area, implemented in 1997 (around 48-10* m°) [Vila-Concejo et al., 
2002]. Thus, extending the analysis beyond this date would make it impossible to distinguish natural 
from artificial evolution. As shown in Figure 3c, the entire subsystem presents strong regressive 
behaviour. Maximum erosion trends are identified in the central part (2.5 to 6.5 km downdrift from 
the Tavira jetty) and range from -5 to -10 m/yr, with an average of -6.4 m/yr. Coastal retreat decreases 
towards the SW and NE parts of C-C, due to frequent small scale nourishment with dredged material 
from the channel (unrecorded) near the Tavira jetty, for the former, and the attachment to the 
mainland, for the latter. The backbarrier is also migrating landwards by an average of 3.3/yr and local 
maximum rates of 8.5 m/yr. The low depths of the backbarrier bay have enabled the transgression of 
C-C, through frequent overwashes [Matias et al., 2008] that move sediment towards the mainland, 
thus allowing the barriers to shift their position landwards under storm waves. 


3.2 Barrier morphological evolution trends 

To analyse the evolution of the barriers in relation with the wave activity and human interventions, 
the total area of the barriers was calculated and is presented in Figure 4 for each flank, as change 
relative to the first available recording (1952), along with the average annual significant storm wave 
height and total annual storm duration. Significant interventions in the area are also noted in the 
timeline, along with breaching events in each flank. 


In the west flank (Figure 4a&b), it can be noted that the evolution of Ancao and Barreta is highly 
interlinked, with the growth of one barrier to be largely followed by a reduction of the other. Ancao 
presents accretion in the period of 1952 to 1972, related with the eastward migration of the Inlet. In 
the same period, Barreta is growing southwards due to the stabilization of the downdrift F-O Inlet. 
The storms of 1973 caused the breaching of a second inlet in the peninsula [Vila-Concejo et al., 
2002], initiating losses for Ancão and corresponding gains for Barreta. From 1976, the inlet started 
an eastward migration cycle, reaching its eastmost position in 1996, which is reflected in the growth 
of Ancao and the reduction of Barreta barrier areas following 1985. The reduction in Ancao between 
1972 and 1985 is attributed to the construction of the Vilamoura jetties, around 10 km west (updrift; 
location shown in embedded map of Figure 1) from the Peninsula, that reduced the longshore drift 
reaching Ancao [Ferreira et al., 2006]. In June 1997, extensive coastal management work was 
performed in Ria Formosa, including the relocation of Ancao Inlet [Vila-Concejo et al., 2002]. This 
is reflected in the evolution of Ancao and Barreta, with significant drop to the former and related 
increase to the latter that lasted up to 2002, where the inlet reached its westernmost point. 
Subsequently, a new eastward migration cycle started, coincident with beach nourishment projects in 
Ancão (2.65: 10° m? distributed in Ancão, Armona, Tavira and Cabanas) [Dias et al., 2003] and in the 
updrift coastal zone (1998, 2004 & 2010) [Oliveira et al., 2008] that increased sediment availability 
in the area and halted coastal retreat in Ancao. From 2002 onwards, Ancao and Barreta showed only 
small-scale changes (within +5%). Taking into account that longshore sediment transport is directed 
eastwards and assuming that the sediment bypassing the F-O jetties is low, the summation of the area 
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of the two barriers (dashed blue line in Figure 4a) can reveal the direct impacts of the F-O stabilisation 
to the sediment balance of the western flank. The curve shows that the accumulation of sand initiated 
by the F-O jetties was intense up to 1972, reaching 18% in 20 years. The growth was slower up to the 
early 2000s, with a further increase of around 8% in 30 years, which appears to have stabilised; at 
present, the width of Barreta has reached the width of the jetty (grey-filled curve in Figure 2b) and 
accumulation is occurring as submerged sand banks in front of the island [Pacheco et al., 2008]. 
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Figure 3: WLR values (in m/yr) for Armona (a) and Tavira (b) Islands and Cabanas Island- 


Cacela Peninsula (c), presented as coloured dots along the ocean and lagoon-side baselines 
(erosive rates: red-yellow; accretive rates: green-blue-purple, with reference to the horizontal 
colour-bar); indicative shorelines are presented and the location of the area is noted on the 
(top-left) map. 


In the eastern flank, Culatra and Armona present a growing tendency almost throughout the study 
period. This growth is also attributed to the stabilisation of F-O that, as mentioned previously, induced 
the reduction of the tidal prism of the in-between Armona Inlet. The growth of Armona is also affected 
by the eastward migration of the Fuzeta Inlet, migration that also impacts the downdrift barrier of 
Tavira. To elucidate the evolution of the barriers and the ‘net’ contribution of the stabilisation works 
(F-O and Tavira jetties), Armona was split in two parts, W and E (see Figure 1 for location), which 
were added to each neighbouring barrier, assimilating, in this manner, the short-term, strong 
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morphological changes due to the Fuzeta Inlet movement. Thus, the joined barrier evolution of 
Culatra and west Armona (Culatrat+Armona W in Figure 4c) and of east Armona and Tavira (Armona 
E+Tavira in Figure 4c) can be studied; given that the margins of these two groups correspond to 
stabilised inlets (F-O to the W and Tavira to the E), the ocean-side longshore gains and losses of the 
total area can be omitted. As shown by the evolution of Culatra and Armona W, the area is growing 
continuously throughout the study period, with a linear trend of 3.1-10* m?/yr (R7=0.97), reaching an 
increase of 40% in 2014, compared to 1952. Small-scale shifts to the relative change of the 
accumulated sand area are attributed to storm events (e.g. trend reduction between 1980-85, due to 
the intense wave activity of 1983). The evolution of Tavira shows reduction in total area, however, 
after the addition of Armona E the curve shows low variability, within +5% (orange solid vs. dashed 
lines in Figure 4c); it, thus, becomes evident that the reducing trend in the area of Tavira is due to the 
migration of Fuzeta and not to storm impacts. The extension of the Tavira jetties in 1985 seems to 
invoke sediment accumulation that lasts up to 1997, after which, slightly decreasing trends are 
observed, most likely related to the highly energetic storms and to long-lasting events (Figure 4d). 
The beach nourishment of 1999-2000 in Tavira and Armona [Dias et al., 2003] caused limited 
changes in the barrier area evolution. The C-C barriers present relative stability in total area, with the 
values to fluctuate between -10 and +7%, mainly due to storms and overwash events. The average 
roll-over of the system between 1947 and 1996 is of the order of 150 to 200 m in the west-central part 
and reduces to 80 m in the eastern part (east from the 1995-6 breach, see Figure 3). 


3.3 Evolution regimes and resilience mechanisms 

The main long-term barrier evolution trends for the period of 1952-1996 for C-C and 1952-2014 for 
the other barriers, identified in Ria Formosa, are summed-up in Figure 5 and the related major 
evolution regimes and corresponding drivers of change (artificial triggers and natural mechanisms 
that sustain these regimes) are summarised in Table 2. Human pressures such as intense occupation 
(e.g. Ancao and Culatra) and frequent dredging of backbarrier channels (e.g. Ancão and Tavira) to 
ensure navigability are not considered in the analysis, since they generate changes at shorter spatial- 
temporal scales and can be omitted for the ones considered in the study. 


Apart from the presence of the Vilamoura jetties, inlet relocations and beach-dune nourishments that 
are the main artificial factors in the area, the evolution of the Ancão Peninsula is largely dominated 
by longshore sediment transport, promoting its elongation and the eastward migration of the Ancao 
Inlet. The stabilisation of F-O Inlet played a decisive role to the evolution of Barreta, Culatra and 
Armona W, generally promoting growth in all cases (apart from localised erosion in Culatra directly 
downdrift from the jetty). For Barreta, it caused strong southward accretion by trapping sediments 
from longshore drift and by changing local circulation patterns around the western jetty. For Culatra 
and Armona W, the mechanism boosting this growth (and the narrowing of the in-between inlet) was 
the increase of the tidal flow through F-O and the corresponding loss of hydraulic efficiency in 
Armona after the stabilisation. Excluding the changes due to the eastward migration of Fuzeta, 
Armona E and Tavira W are relatively stable, supported by broad backbarrier zones. The stabilisation 
of the Tavira Inlet induced accumulation immediately updrift (east Tavira) and lack of sediment to 
the downdrift Cabanas Island, contributing to the generic erosive trend at C-C. Losses in W Cabanas 
are replenished using dredged matter (unrecorded), sustaining a ‘forced’ stability of the area. C-C are 
at a transgressive state, fed by frequent overwash and the shallow depths of the backbarrier lagoon, 
while largely retaining the total barrier area. 
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Figure 4: Evolution of total barrier area, relative to 1952, and average storm significant wave 
height for the western (a, b) and eastern flank (c, d). Wave data include average significant 
storm wave heights (bars, with reference to the left axis) and total annual storm duration 
(scatter-points, with reference to the right axis) at the location of the Faro buoy (Figure 1); 
data after 1993 are buoy records and older ones are SIMAR hindcasting data (Spanish State 
Port Authority). Human interventions (grey and black arrows: W from the area) and Inlet 
breaching events (arrows coloured as the related island) are noted. 
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Figure 5: Schematic representation of the multi-decadal morphological response of the 
barriers of Ria Formosa. The major trends are noted as arrows (orange for shoreline and 
blue for Inlets) on the 2014 map. 


The evolution regimes identified (Table 2) include: a) natural growth, limited by artificial factors 
(Ancão), b) artificially triggered growth, promoted by natural factors (Barreta, Culatra and Armona 
W), c) stability, promoted by natural (Armona E) and artificial factors (Tavira) and d) transgression 
triggered by artificial factors and supported by natural and artificial factors (C-C). Therefore, 
accepting the definition of ecological resilience as ‘the capacity of a system to absorb disturbances 
or shocks, re-organize and adapt to change, while retaining its structure, identity and feedbacks’ 
[Folke, 2006], it can be deduced that the barriers of Ria Formosa appear resilient to natural (i.e., 
storms) and human disturbances. The barriers have either absorbed disturbances, remaining 
practically unchanged (Armona and Tavira), or adapted to the changing conditions while maintaining 
their main functions (rest of the barriers). 


Table 2: Morphological evolution of barriers, related main artificial and natural drivers of 
change, triggering and/or supporting evolution, and resilience mechanisms (NR: 
Nourishment; LST: Longshore Sediment Transport; SBL: Shallow Backbarrier Lagoon). 


Bares Evolution Regime Limiting/Promoting Factors Resilience 
Growth Position Artificial Natural Mechanism 

Ancao growing (SE) stable Vilamoura jetties, NR LST adaptation 

Barreta growing (S) stable F-O jetties LST adaptation 

Culatra growing (NE) stable F-O jetties Armona ebb shoals adaptation 

Armonä W growing (SW) stable F-O jetties Armona ebb shoals adaptation 

E stable stable - broad backbarrier absorption 

Tavira stable stable Tavira jetties broad backbarrier absorption 

C-C stable retreating Tavira jetties, NR SBL, overwashes adaptation 


4. CONCLUSIONS 


Raster datasets from the last 60 years (1947-2014) were used to define ocean and lagoon-side 
coastlines and to analyse the multi-decadal morphodynamic changes of the Ria Formosa barriers. 
With the exception of Cabanas-Cacela, the analysis showed overall low rates in the backbarrier 
coasts. In the ocean side, the shoreline in the Ancão Peninsula presents erosive tendencies in the west 
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part that turn accretive towards the east (-0.8 to +0.8 m/yr). In Barreta, there is a generalised tendency 
for shoreline progradation that peaks in the Santa Maria Cape (+6 m/yr) and extends to the rest of the 
west flank (+2.4 to +3.5 m/yr), while localised erosion is identified near the Faro-Olhao jetty. In 
Culatra, the shore downdrift from the jetty (up to 3.5 km from it) is receding (-0.5 to -2 m/yr), while 
strong accretion rates prevail in the rest of the island (maximum: +22 m/yr). The shoreline in Armona 
is accreting in the west part, with highest rates near the inlet (+5.5 to +15.5 m/yr), and showing limited 
erosive tendencies in the east part (-0.2 to -1.6 m/yr). The shore in east Tavira, and up to 3 km west 
from the jetty, is prograding (on average by +1.5 m/yr) and turns retreating in the central-western part 
(on average by -0.8 m/yr). In Cabanas-Cacela, both barriers are migrating landwards, with peak rates 
in the central part (ocean-side: -5 to -10 m/yr; lagoon-side: -3.3 to -8.5 m/yr). 


Regarding existing morphological evolution regimes, the related promoting factors and the resilience 
of the barriers of Ria Formosa, the investigation showed: 


1. The existence of two main barrier evolution patterns in the area: growth and stability. 


2. The decisive contribution of jetty construction to the recent evolution of the majority of the 
barriers; barrier growth has been largely triggered by such interventions and, consequently, 
fuelled by natural processes (e.g. longshore sediment transport). For example, the stabilisation of 
the Faro-Olhao Inlet resulted to an increase in total barrier area of the west flank by 25% and of 
the affected barriers of the east flank by 40% (corresponding to an overall increase of the entire 
east flank by 8%), between 1952 and 2014. 


3. The long-term resilience of the barriers to artificial (stabilisation works) and natural (storms) 
stressors is demonstrated through two main mechanisms: adapting to change (either growing, or 
transgressing landwards), or absorbing shocks while remaining stable in terms of position and 
area (observed in barriers with broad salt marsh platforms in the backbarrier). 


The assessment of resilience indicators and the evaluation of future scenarios for barrier island 
evolution will be the next steps of the research. 
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Abstract 

This paper refers to the effect of climate change on the rise of the sea level, particularly in the south- 
western Baltic region, at the port of Trelleborg. The port of Trelleborg from 1862 till present has 
changed and has expanded in terms of its area of activity and in terms of its size, being the second 
largest port in Sweden and the largest Ro-Ro Port in Scandinavia. Addressing climate change aims 
to deal with the upcoming ecological disruptions. Although the results of climate change are 
unknown, potential future climates based on natural principles and greenhouse gas emission scenarios 
can be projected. Satellite measurements show that the sea level is rising at a steady pace worldwide. 
In the case of this study, for the mean wave height it was assumed that there would be a greater 
increase due to the uncertainty about the direction of the waves in the prediction models and the 
maximum wave height was considered as high due to the more frequent occurrence of extreme 
phenomena than in the past. The WAVE-L model was used to study 7 possible solutions in order to 
protect the harbor from the rise of the sea level and to ensure resting conditions. The solutions focus 
on the number, position and length of floating breakwaters. The choice of the floating breakwater 
was made as it is a mild method of protection with environmentally friendly character and ability to 
move and rearrange. Finally, by comparing the individual results for mid and extreme waves, the 
optimal solution is chosen to adequately protect the port. 


Keywords: Trelleborg Port, Climate change, Sea level 
1. INTRODUCTION 


In the coastal zone, the seaports and the transnational links are key types of infrastructure that support 
the global supply chain and provide regional economic activity, local transport services and jobs. The 
protection of coastal projects and ports is taken for granted during a prolonged period of climate 
stability. However over the last few years the forecasts for a new period of climate change and severe 
weather have been predominant and most of the existing projects are not ableto deal with them 
successfully. The port of Trelleborg belongs to the Baltic Sea segment, which is expected to show 
changes because of its geographic location. Over the past hundred years, the Baltic Sea level has been 
raised by 20 centimeters, which was a precursor to imminent disasters of coastal structures. This 
abstract aims at assessment of the evolution of the port over time, analyzing the impact of climate 
change on it and proposing solutions for its protection. 


2. THE PORT OF TRELLEBORG 


Trelleborg is a city in Sweden with 28,290 inhabitants according to a record made in 2010. It is the 
southernmost city in Sweden and it is one of the most important cities that have a port in Scandinavia 
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as well as across the Baltic Sea. The port has a very strategic location. The first link with Germany 
was opened in 1897. Later it was replaced by a railway to Sabnitz in 1909 as part of the Malmo - 
Berlin line. During the time of the German Democratic Republic, a larger line of coastal lines was 
opened for Travemiinde (which can be said to be the "modern harbor" of the historically important 
Lubeck, initially as a line belonging to the Swedish national railways (SJ ) since 1962. After the fall 
of the Berlin Wall in 1989, many new lines and routes were opened. The Trelleborg municipality 
created a ferry terminal for all services, known as the "Kontinentbron" or "the Continental Bridge." 
From 2015, the Shipping Lines and routes that are in operation are TT-line, Unity line and Stena line. 
Most of the ferry services are trucks, which makes the port of Trelleborg the largest in Sweden, 
regarding to goods by weight-criteria. In 2005, 11 million tonnes of merchandise passed through the 
port (along with nearly 2 million passengers). (TrelleborgsHamn AB). 


3. CLIMATE CHANGE 


Addressing climate change is the process of adapting to the real or expected climate and its impacts 
in order to deal with the imminent ecological disruptions and exploit the beneficial opportunities for 
social and environmental systems. Although the magnitude of the change is not known, possible 
future climates based on natural and greenhouse gas scenarios can be projected. It is notonly the 
climate change, but there are alsoother environmental or social changes that are expected to come to 
the fore in the course of years. The predicted climate change in the Baltic Sea region can be divided 
into immediate and indirect changes: 


DIRECT CHANGES: 

e The rise in temperature will be significant in the coming decades, with the biggest changes 

occurring in the winter and in the northeast part. 

Short-term temperature limits will change more than long-term averages. 

Extreme cold temperatures will be unusual, while hot summers are expected. 

Winter rains are projected to increase throughout the whole region. 

Scenarios and assumptions about summer rainfall are less likely, and most rainfall appears to be 

concentrated in the north and there may be minor changes or declines in the south part. 

e Extreme rainfall is expected to be more frequent even in areas likely to experience a general 
reduction in average rainfall. 

e Possible scenario is to exacerbate extreme precipitation for a long time (eg hours, days, weeks). 

e In terms of wind speed, the majority of scenarios show an increase in average speed but with great 
uncertainty of relative prediction. Also the extreme wind conditions remain uncertain, but it is 
likely a slight upward trend in the south and a decline in the north. 


INDIRECT CHANGES: 

e Reduce of the amount of snow, the duration of snow cover and the appearance of sea ice. 

e The average annual flow of the river is expected to be much increased in the northern parts of the 
basin. The total discharge of rivers in the Baltic Sea, is expected to increase, which can reduce 
and affect the salinity of the sea. 

e General trends show increases in river flow in winter combined with lower and earlier peak flows 
during spring due to changes in snow cover. 

e The waves of the Baltic Sea are changing as a result of large-scale atmospheric traffic. Some 
model simulations in the Baltic Sea show an increase in maximum wind speed and frequency of 
extreme events. 


4. BALTIC SEA 


Baltic Sea is a semi-enclosed sea characterized by complex coastline and bathymetry, by the presence 
of seasonal sea ice and by the high variability of wind fields in its various sub-basins. These factors 
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strongly affect the wave conditions in the sea area. Being aware of the wave climate is important as 
waves have a major impact on coastal and offshore activities such as coastal infrastructure, port 
operations, shipping, offshore platforms and people's safety. Changes in long-term wind and sea ice 
conditions may also cause changes at the waves’ climate and can strongly affect the public and 
economic sectors. Future climate changes simulations generally provide higher wavelengths for the 
most areas except from the northern part. 


Average waves show time and space changes over continual changes, while extreme waves show 
much greater variability depending on the simulations. Analyzing four scenarios of possible 
emissions of carbon dioxide, methane and nitrogen dioxide over a long term reaching the end of the 
21st century across the Baltic Sea, it is concluded that significant changes were limited to some areas 
that were heterogeneously distributed in each scenario. Changes in the average annual wind speed 
through 30 years showed a decrease in all cases at the parts of the northern Baltic Sea and an increase 
at the most parts of the southern Baltic Sea. These changes in the wave fields result not only from the 
higher wind speeds but also from the possible shift to the western winds, which lead to different 
expansions and also to a different wave height and direction. However, the direction of the wind is a 
very important unpredictable and unstable parameter whose effects are controversial among the 
models and therefore it is a factor for which there are no reliable predictions. For this reason, this 
parameter should also be taken under account at the wave height which is used at our model. The port 
area of Trelleborg is located southwest in the Baltic Sea. 


Previous and present wave conditions have been well explored over the last few decades by analyzing 
observations and numerical simulations. Among several other studies, wave velocity was analyzed in 
the south-western Baltic and northern Baltic. All surveys show the high time variability (seasonal and 
annual) due to the ice and wind variability. The maximum observed significant wave heights varies 
between 4.46 m in the south-west Baltic Sea and 7.7 m in the northern Baltic. 


All the four climatic cases demonstrated a slight increase in wind speed in most areas, especially at 
the end of the 21st century, which was rarely above 5% of the reference values for the period 1961 - 
1990. In preliminary analysis, changes in wind speed cannot be linearly transferred into wave 
changes, so in some scenarios the expected increase in significant wave height is often over 5%, 
sometimes reaching 15%. In addition, the decline in Baltic ice cover in the northern part of the sea 
caused larger wave changes. In particular, the average annual increase in wave height over the next 
30 years is justified by the decline in ice. 


The analysis of routine climatic changes in all the under consideration scenarios emphasized the 
increase in the average wave height of more than 5% for most of the Baltic Sea area. Of course, the 
significant wave height has increased, reaching more than 5% in the eastern Kattegat, along the coasts 
of Lithuania, Latvia and Estonia, and in the Gulf of Finland. In some parts of the Baltic Sea, especially 
to the east of the coast, there was a decrease not exceeding -5% compared to the reference values. 
These results are in agreement with those who pointed to changes on Estonian western coasts in a 
possible hypothetical change. For this region an increase of between 5% and 20% was found on the 
west coast and a decrease on the east coast. 


The analysis of the variation of waves due to climate change over the decades over 140 years of 
simulations has shown different characteristics depending on the position of the Baltic study point 
and 3 spatial parameters of the distributions. The analysis over the decades has shown that the average 
annual wave height has increased beyond the confidence interval according to the reference period 
for all positions and the simulations at the end of the 21st century. The maximum annual wave height, 
the confidence interval of the reporting period was much broader, and the changes over the confidence 
interval beyond the confidence interval were well above 5% and occurred in some scenarios of 
climate change. This demonstrates the high degree of uncertainty of the changes in extreme waves. 


Analysis of the wave direction change showed a change of frequencies to an increased wave 
frequency in the eastern directions, which is in line with the increase in frequencies of strong western 
winds as analyzed by the North Sea and a positive North Atlantic oscillation. Using the same 
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atmospheric data, it also showed a trend towards the western winds in the southwest Baltic Sea. Also, 
the trend towards the most western winds has also emerged in more modern studies. The effects of 
wave changes are quite significant as stereo transfer as demonstrated by Dreier et al. (2011). In 
addition to the limitation due to the use of only one model, temporal and spatial differences in wave 
height and wave direction indicate the uncertainties due to different scenarios of emission and original 
conditions, and therefore there is internal variability. However, the four situations of a potential future 
wave change in the climate field have shown an increase in wave height in the Baltic Sea. Changes 
in maximum extreme waves were smaller and more uncertain than in the mean. Changes in the 
direction of the waves indicated more (less) frequent waves that were directed east (west). Changes 
in wave directions may also explain the variations between small but homogeneous variations in wind 
velocity and larger but more heterogeneous wave height changes as the effects of waves growth are 
related to Baltic Sea composite bathymetry. 


5. APPLICATION OF THE WAVE-L MODEL IN THE TRELLEBORG NEW PORT 


The WAVE-L model is a linear wave transmission model applied to medium and small scale coastal 
areas. The equations that are solved are excessive and result from the replacement of the pressure and 
velocity distribution, from the linear wave ripples to the linearized Navier-Stokes equations and thus 
have the ability to describe the transmission of simple harmonic linear waves to any depth of mild tilt 
(combination of diffraction, diffraction, reflection and shallow). 

The above described model has been applied to simulate wave propagation in the new Port of 
Trelleborg. 


The time discretisation step is taken equal to: At = 0,025 sec (1) 
The space discretisation steps are taken as: A¥ =A -25m (2) 


Thus the computational domain consists of 2600x1600 grids or an area 5500 m x 4000 m. 

The rubble mound slopes (which reduce the wave reflection) are represented in the model by adopting 
the technique proposed by to Karambas and Bowers (1996). The values of the reflection coefficients 
Rs, are estimated using the formula proposed by Zanuttigh and van der Meer (2008): 


Rs= tanh(aébo) (3) 


where a and b are coefficients given by Zanuttigh and van der Meer (2008) (a=0.12, b=0.87) and So 
is the Iribarren number. 

The wave conditions which were studied concern the port's response to an imminent change. 
Therefore, the wave height and wave conditions in the port were studied at an increase in the height 
of the waves due to climatic conditions. The two wave conditions are WC1 and WC2. The first is the 
average wave height while the second is the maximum. The WC2 case was made only for the most 
prevalent solutions between the results given by WC1 as average wave height is the basic design 
parameter. For each condition, significant wave height, peak period and incidence angle have been 
calculated by applying a SWAN model. The above characteristics are given in Tables 6.1 and 6.2. 


The Trelleborg harbor as it is located in the southwest of the Baltic will face an imminent increase in 
the mean and extreme wave heights. The proliferation factor in the event of extreme events is from 5 
to 10 and a predicted rise in the climatic conditions is estimated at 0.4 m as described in Chapter 2. 
The calculated current average wave height in this area without taking into account the climatic the 
change is 3.4 while the extreme height is 4.4m. For the model's requirements, an increase in the height 
of the waves of 15%, which means an average height of 3.91 m (increase of 0.51 m till 2100) and 
maximum height = 5.06 m, was considered. (an increase of 0.66 to 2100). For the mean wave height, 
it was assumed that there would be a larger increase due to the uncertainty that exists about the 
direction of the waves generally in the prediction models. For the maximum wave height, it was 


525 


Protection and restoration of coastal zone and open sea waters 


thought to be equally large due to the more frequent occurrence of extreme phenomena than in the 
past, which makes its observation more important. 


The basic solution the protection of the port was based on the use of floating breakwaters. This choice 
was made because the advantages of floating breakwaters are multiple, with respect to the following: 


The ecological advantage of seawater renewal, biological exchange, sediment transport under 
their structure and the development of marine ecosystems. 


The cost of classic fixed breakwaters increases rapidly depending on the depth of water, as 
opposed to floating breakwaters that offer a cheaper solution. 


Construction speed and construction period are much shorter than the fixed breakwater 


Possibility of future expansion and rearrangement since the position of floating waves can be 
easily changed. In a protection project based on a probabilistic scenario, the variability of the size 
and location of the project is very important as the waveguide factor can be introduced later and 
integrated into each solution without being bound. 


In order to protect the construction from the stresses and to have calm conditions in the port, the 
following cases were specifically considered as possible solutions. The difference between the 
solutions is the quantity of the constructions and if they will be located near or far of the coast. The 
cases that have been studied are: 


6. 


At the Figure 1 it is shown how the port will face the imminent rise of 15% of the wave height. The 
average height of the waves is estimated to reach 3.91m and it is obvious that the desired conditions 


EXISTING CASE: Response of an existing port without any intervention 


CASE 1: Port with two floating breakwaters (200m long) at a distance of 330m. from the entrance 
of the harbor. 


CASE 2: Port with two floating breakwaters (200m long) at a distance of 200m. from the entrance 
of the harbor. 


CASE 3: Harbor with a floating breakwater (200m long) at a distance of 330m. west of the harbor 
entrance. 


CASE 4: Port with a floating breakwater (200m long) at a distance of 200m. from the entrance of 
the harbor 


CASE 5: Harbor with a floating breakwater (360m long) at 1000m. west of the harbor entrance 


CASE 6: Port with a floating breakwater (360m long) at a distance of 700m. west of the harbor 
entrance 


CASE 7: Port with a floating breakwater (360m long) at a distance of 480m. west of the harbor 
entrance 


Table 1: Wave characteristics for scenario WC1 


Wind velocity (m/s) | Wave heightHs (m) | Wave direction Tp (sec) | T (sec) 
20 3.91 206.5 8.5 5.2 
Table 2: Wave characteristics for scenario WC2 (100yr) 
Wind velocity (m/s) | Wave height Hs (m) | Wave direction Tp (sec) | T (sec) 
31.6 5.06 202.9 10.3 5.7 
RESULTS 


do not exist. 
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The problem is intensified in the case of the occurrence of the hundred-year wave. Although this is 
an extreme ripple with a chance of recurrence once a hundred years, and planning will not be based 
on it, it should nevertheless be taken into account so that the consequences are not disastrous. Indeed, 
due to the instability of climatic conditions in recent years, which is going to be intensified due to the 
imminent climate change, the prediction of extreme phenomena and ripples becomes more important. 
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Figure 1: Wave height without any structural intervention in the existing structure, taking 
into account the factor of climate change 
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Figure 2: Wave height (hundred-year wave) without any structural intervention in the 
existing structure, taking into account the factor of climate change 
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From the results analysis for all scenarios it is clear that Case 5 and Case 6 are the best solutions. It 
means that installing a single breakwater westwards at a distance slightly further from the port 
entrance, between 700-1000 meters offers greater protection and maintains resting conditions. The 
most prevalent solutions will also be exported by their behavior in a hundred-year wave. 
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Figure 3: Wave height at the port with a floating breakwater (360m long) 1000m. west of the 
harbor entrance 
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Figure 4: Wave Height at the port with a floating breakwater (360m long) 700m. west of the 
harbor entrance 
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Figure 5: Wave height (hundred wave) at the port area with a floating breakwater (360m 
long) at 1000m. west of the harbor entrance 
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Figure 6: Wave height (hundred wave) at the port area with a floating breakwater (360m 
long) at 700m. west of the port entrance 


Therefore, it is estimated that the case 6 responds best in both cases compared to case 5. 
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7. CONCLUSIONS 


In this abstract through mathematical, hydrodynamic and morphodynamic simulation models, it is 
investigated the effectiveness of floating breakwaters as a means of protecting the port from elevation 
and the more frequent occurrence of extreme waves. 


For this purpose, it was chosen a floating breakwater. The floating breakwater is a mild method of 
protecting coasts from erosion and it is increasingly used as an environmentally friendly alternative 
method. Their main advantages are the speed of their construction, the allowance of interventions to 
them, the ability to allow the renewing of the water and also the low cost compared to the conventional 
constructions. 


A further advantage of the use of floating breakwater is their ability to move so as to be re-routed in 
the direction of the winds. This feature is necessary because the wind direction factor is important 
and unpredictable and cannot be accurately calculated by using computational models. 


The possible proposed solutions varied in terms of their length and their distance from the shore 
where they be placed. As it is assumed from the results, the location of the breakwater installation is 
particularly important. Cases 1 and 2 using 200m length breakwaters in the distance of 330 meters 
and 200m respectively from the coast, gave similar results with Cases 3 and 4, which differ only in 
the doubling of the breakwaters. Cases 5, 6 and 7 are based on the use of a united breakwater with 
the length of 360 meters and they vary in their position, being in the distance of 1000m, 700m and 
480m respectively from the coast. 


The best results were observed in Case 5 and 6, showing that at a greater distance from the coast there 
is better port protection. Among these two main scenarios, the performance of the floating 
breakwaters at extreme wave height was examined. Case 6 gave the best results in both situations 
with small differences from Case 5. In conclusion, it is proposed to use a united breakwater at a 
distance varying between 700 and 1000 meters from the coast. 
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Abstract 

The major characteristic of the torrent of Fourka-Halkidiki, one of the most devastating streams of 
Kassandra peninsula, is the intense flooding behaviour in conjunction with the production and 
transportation of huge, for its size, sand-composed debris. The formation of Fourka sandy beach, 
which is a tourist attraction pole, is mainly ought to the stereo-transportation of Fourka stream. The 
continuous, during the stage of increased supplies, accumulation of sand from Fourka stream 
combined with the sea-waving, drifting of sand towards the axis of Fourka (NW) — Poseidi (NE) 
form the shaping causes of Fourka beach. Until recently, in 2010, these two opposite-functioning 
phenomena (accumulation of sand from the Fourka stream and abduction of sand form the coastal sea 
sea-waving Fourka — Poseidi), were relatively balanced. After the devastating floods of 1990 and 
2006 and the implemented stream correction works, the sand accumulations have been interrupted 
(practically eliminated) a fact that resulted to the destabilization of existing balance among each other 
and the shrinkage of coastal zone. In the present paper are recorded and evaluated the impacts of the 
implemented anti-flood correction works of Fourka’s stream upon the movement of the produced 
sand and the destabilization of the coastal zone at Fourka beach. 


Keywords: Fourka stream, stereo-transportation of Fourka stream and flood genesis, sand- 
accumulation of beaches, Fourka beach 


1. INTRODUCTION 


The Greek space is characterized by the vital presence of sea, the complicate-shaped coastline, the 
extensive or bay-shaped sandy beaches, interchanged by steep rocky parts and sea caves. The 
morphology of the Greek coastline with the sandy beaches and the combination of sea and sun 
constitute the major cause of the development of its summer tourism. A determinant element of the 
summer tourism is the geometry, the quantity, the rating and the quality of sandy beaches 


The creation and stability of sandy beaches is ought to the balance of sand adduction (inputs) and 
sand abduction (outputs) mechanisms. Usually, it prevails a steady small-changeable but rapidly 
restored balance between the adduced and the abducted sand debris, with most common case small 
seasonal deviations of the coastline. These increasing-decreasing incidents are ought to an elevation- 
activation of sand adducing or abduction mechanisms. An increase of sandy coastline is recorded in 
cases of increased accumulations from flood-stereo-loads of streams and rivers, from increased 
marine waving of adducing sand or reduced carrying-away capacity. In opposition to this, a decrease 
is recorded due to intensification of the abduction mechanism or reduction of adducing sand. In both 
cases the equilibrium of inputs-outputs is disturbed positively or negatively with a respective increase 
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or decrease of the sandy coastline. Phenomena of steady shrinkage (Pefkofyto beach, Photo la) or 
expansion of sandy coastline (Glarokavos, Photo lab), are rarely observed. 


Photo lab: a) General view of beach shrinkage at Pefkofyto Kassandra and of transportation 
of sand to the area of Glarokavos bay, blocking its entrance. b) the sandy alluviums in the 
coastline area at Glarokavos Kassandra where, in order to maintain the opening of 
Glarokavos bay, continuous sand-takings are taking place. 


The streams, by carrying out sandy debris materials, create qualitative sandy coasts in their delta 
space. Torrents, stream-rivers and rivers, with muddy air-transport, expand on one hand, but on the 
other they deteriorate the quality of their estuary beaches and consequently the provided tourist 
product. The most beautiful Greek beaches are met at discharge points of streams carrying out sandy 
debris or eroded sandy sea slopes. Such an example, are the sandy neo-genic formations at Kassandra 
and the de-flaky granites and gneiss at Sithonia (Photo 2a,b), whereas the clay formations at 
Kallikrateia-Moudania (Photo 2c) discharge sandy debris, but also encompasses plenty of clay 
sediment that was deposited from suspension, leading to the downgrading of the beaches. 


Photo 2abc: Views of a) eroded sandy-composed neogenic formations at Fourka-Kassandra 
stream, b) decomposed marble granites and gneiss at Sithona and c) the clay-composed neo- 
genic formations at Kallikrateia - Moudania. 


2. STUDY AREA 


The research area is the coast and the torrent of Fourka. The location of Fourka’s torrent watershed 
within the aquatic division of Central Macedonia, prefecture of Halkidiki, peninsula of Kassandra, is 
given in Fig. a,b,c.. Its watershed, the hydrographic network and the central bed with W, SW course 
discharging to Fourka beach, is given in Fig. 2a,b. 


The Fourka’s stream, the biggest and most disastrous stream at Kassandra peninsula, has a rich 
flooding background with main feature the production and movement of bulky, sandy stereo- 
transportation which has shaped the extensive sandy plain area of Kassandrinos - Fourka. Upon this 
area have occurred successive phenomena of erosions and alluviums of the sandy beds and slopes of 
the stream (Photo 3a,b) resulting to the thin-grained sandy stereo-transportation in the estuary of the 
Fourka Beach stream. 
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Fig. labc: The position of Fourka’s torrent a) in the Central Macedonia, b) in the prefecture 
of Halkidiki and c) in the Kassandra peninsula. 
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Fig. 2ab: Watershed and hydrographic network a) of Fourka’s torrent and b) of its upper 
mountainous watershed, consisting of Kassandrino and Zografitiko Lako branches. 


Photo 3ab: Views of intense slope erosions and b) depositions 2-8m high in the estuary bed of 
Fourka’s torrent, associated with the expansion of the coast (Pavlidis Th. 1991). 


To the formation of Fourka’s coast, concurrently with the adduction of sand, it was also acting a 
coastal carrying-away marine waving of sand abduction with a SE direction. Until 1970, that 
agriculture was the main activity of local people, the ploughing of sandy fields resulted to the 
transportation of additional increased sand amounts towards Fourka Beach with a small positive 
equilibrium of the adduced sand. At the same time, the good quality sand of the stream’s watershed 
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soils (Photo 4a) has led to their exploitation for construction use and cement preparation (Pavlidis Th. 
1998). 


A significant fact for the evolution of Fourka Beach were the arriving, during the flooding 
phenomena, huge amounts of sand resulting to the extensive expansion of the beach towards the sea. 
Eventually, until the arrival of new flooding sandy stereo-loads, the carrying-away marine mechanism 
has gradually eroded the alluvial seashore, bringing it back to its almost initial condition. The photo 
4b provides the extensive, during the big flood on 2.3.4/12.1990, pushing forward per 170m of the 
alluvial discharge front of Fourka’s stream towards the sea (Pavlidis Th. 1991). 


Photo 4ab: Views a) of the vulnerable sandy soils of Fourka’s stream, b) of pushing forward 
per 170m to the seashore of Fourka during the flood of 1990. 


By the abandonment of cultivations within the stream watershed and their coverage by compact 
protective natural vegetation the sand equilibrium at Fourka beach became marginally negative. After 
the recent works of layering gabions and gabion mattresses as a protective measure to the central bed, 
the adduction of sand into the Fourka beach has ceased, leading to the shrinkage of coastal zone and 
the deterioration of the beach. Until the completion of gabion’s gaps takes place (Photo 5), in the 
coastal line - area of Fourka beach, it only functions the marine carrying-away mechanism, shrinking 
the sandy beach. The phenomenon will continue until the completion of all gabion gaps (Fig. 3) and 
the arrival of new sand loads to the beach. Therefore, this fact constitutes to the biggest threat for the 
tourism since the quality of the sandy beach is not as it used to be. 


Photo 5: Views of gabions used for covering the central bed of Fourka’s stream (Fig. 3) and 
the covering of gaps at the initial part downwards of Kassandrino. 


Fig. 3. The coated with wire-constructions central bed of Fourka’s stream. 
3. MATERIALS AND METHODS 


The research method in the present paper is as follows: 


We looked up in local authorities and Services (Forest Office, Region of Central Macedonia, 
Municipality of Kassandra, I.G.M.R., etc.) for papers, projects, reports and accomplished or under 
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construction works of anti-flood stream correction, dealing with background information about the 
torrential environment of Fourka. 


We approached and analyzed the factors of the torrential environment (climate, relief, geo-deposit, 
vegetation) as much as for the entire stream watershed, as well as for the upper mountainous 
watershed (Fig. 2a,b), downwards of which, has been implemented the major part of the correction 
works. The calculation was done according to the applied methods in the hydronomics science 
(kotoulas D. 2001, Pavlidis Th. 2007). 


It was delimitated on map of Hellenic Military Geographical Service (HMGS), scale 1:50.000 and 
1:5.000, the watershed of the stream and the upwards watershed of the corrected, with gabions and 
gabion mattresses, parts (Kassandrino-Fourka-Fourka beach) (Fig. 2b.) 


We calculated the conditions of the torrential environment (morphometry-relief, climate, geology, 
vegetation). Specifically, we calculated the hypsometry of the watershed, the length of central bed, 
the average slope of bed and watershed, the density of the hydrographic network, the degree of round- 
shape form, the form of relief and the orographic coefficient of the stream watershed (Moulopoulos 
Chr. 1968, Tsakiris G. 1996, Kotoulas D. 2001, Pavlidis Th. 1998). 


The maximum water-supplies, stereo-supplies and water-stereo-supplies of Fourka’s stream (total 
and upper mountainous watershed Fig. 2a,b), were taken from the thesis of Pavlidis (Pavlidis V. 
2012), with the maximum water-supply resulting from the equation of rational method (Equat. 1.1) 
and the maximum stereo-supply by the formula of Stiny-Hercheulidze (1.2) 


Rational method: maxQ100=0,278*c*maxi1o0*F 1.1 


Stiny — Hercheulidze: maxG100={Pn*m/Yn* (100-Pn)}*maxQ100 1.2 


The gathering time tc was calculated by the formula of Giandotti (Equat. 1.3): 


te=[(4*F">*(1,5Lk)] / [0,8*(Hm-Hmin) 1.3 


Where: tc= time of gathering (hours) 
maxQı00, maxGıoo=the maximum water-supply and stereo-supply (m°/s), 
F=surface of watershed (Km’), 
c=runoff coefficient, 
maxiio00=average intensity of rain of maximum rainfall with a duration equal to tc, 
Hm, Hmin=average and minimum altitude of stream (m), 
Lk=length of central bed (Km), 


Pn, m, Yn=coefficients of inclination Pn, torrentiality m, special gravity of debris Yn 


From the report «Study of immediate anti-flooding protection works in the area of the stream estuary 
Fourka-Kassandrino», conducted by Gaia S.A. Projects in 2008, there have been taken the details of 
the coated central bed of Fourka’s stream (Fig. 3). By in situ research it was measured the average 
porous of the solid-stone-layer the average thickness of which was 1,40m. 


The period 07.2009-06.2013, it was measured the alluvium of the coated bed (Photo 7b), the sandy 
debris of which originated from the upwards watershed (Fig. 2b). The deposited debris load was 
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considered as equal to the sum of alluvium of the upwards non-coated bed and the bulk of the gaps 
of the alluvial section of wire-made constructions. By the above alluvium it was resulted the average 
annual alluvium of the period and was estimated the completion time of the total coated bed so that 
the sand starts to flow towards the Fourka beach. 


From the local people we gathered data of the loss of Fourka beach and the timeless changes after the 
flood of 1990 and after the full coverage of the bed with stone-layers. From the collected data we 
have approached the average annual abducted amount of sandy debris of the Fourka Beach and 
estimated the course of its degradation for the required period up to the full alluvial process of wire- 
layers by the stream’s debris materials. 


9. The research proceeded to the investigation of the activation potentials of the stream in respect of 
moving sand towards the Fourka coast, before the full alluvium of stone-layers, so that Fourka Beach 
is maintained at a tolerable level. 


4. RESULTS 
4.1 CONDITIONS OF TORRENTIAL ENVIRONMENT 
The results of the morphological-hydrographic research for Fourkas stream, the watershed and the 


hydrographic network of which is given in Fig. 3, are shown in Table 1. 


Table 1: Morphometric, hydrographic data of Fourka’s stream and its upper watershed (Fig. 


2a,b) 

Size Symbol Unit Upper watershed of | Fourka 
Fourka stream 

1. Watershed surface F, Km2 25,30 36,94 
2. Water-table perimeter II, Km 24,01 31,61 
3.Watershed hypsometry 
i) maximum elevation Hmax, m 350 350 
ii) minimum elevation Hmin, m 65 0 
ili) average elevation Hm, m 183 163 
4. Watershed hydrography 
1) length of central bed Lk, Km 8,96 14,45 
ii) average slope of central bed JLK, (%) 2,51 2,01 
ili) density of hydrographic network (D=SL/F) 
D,(Km/Km2) 3,28 3,22 
5. Watershed relief 
i) average slope of watershed, JF=(Hd*xS*100)/F JF, 
(%) 26,34 26,64 
ii) hypsometrical development AHi=Hi-Hmin 
a) maximum (AHmax=Hmax-Hmin) AHmax, m 285,0 350,0 
B) average (AHm=Hm-Hmin) AHm, m 117,6 163,4 
ili) degree of relief (Ah =AH/SLk) 
a.)maximum (Ahmax =AHmax/SLx) Ahmax 34,46 26,53 
B) average (Ahm =AHm/SLx) Ahm 14,22 12,39 
iv) round-formity degree 
a) Gravelius index (KF=II/IIF=0,282I1/F 1/2) KF 1,35 1,47 
B) watershed form index (Jf=F/S2F) Jf 0,33 0,28 
y) circularity index (RF=42F/TI2) RF 0,55 0,46 
v) horographic coefficient (CF=H2/1000F) 
a) maximum (CFmax=H2max/1000F) CFmax 4,84 3,32 
B) average (CFm=H2m/1000F) CFm 1,32 0,72 
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The climate data of the stream were taken from the M.S. of Kassandria, a few kilometers away from 
the center of watershed. The results from the research are shown hereunder in Table 2. 


Table 2: Average monthly and average annual air temperatures and rain heights at the M.S. 
of Kassandria-Halkidiki (period 1978-1990) 


I F M A M J J A S O N D Year 
Air temperatures °C 

7,38 | 7,92 | 10,31 | 14,16 | 18,85 | 24,04 | 26,11 | 25,59 | 22,37 | 17,57 | 11,82 | 9,02 | 16,3 
Rain height mm 

60,5 | 60,4 | 54,6 | 40,1 | 32,3 | 20,5 | 205 | 22,1 | 24,6 | 77,4 | 92,3 | 96,5 | 601,7 


By the results of the geology and vegetation of the under research area (Fig. 4b,c, Tab. 3, Photo 6), it 
arises that the neo-genic formation is the dominant one whereas the flat area around the central bed 
is dominated by the alluvial one (Fig. 4b). By Fig. 4c, Photo 6a,b and Table 3 it arises that the 
dominant species around the Fourka’s stream are Aleppo Pine (P. halepensis) forests (59,4%) 
followed by the farming lands with 11,67km? (31,59%). The cultivated soils are vulnerable during 
the stage of ploughing (Photo 2a) and become an ‘easy prey’ to strong rainfalls resulting to the large 
transportation of sandy debris. Thus, it came out the alluvial-borne area downwards Kassandrino 
village and the sand seashore of Fourka beach. On the contrary, the abandoned fields that were firmed 
with natural herbaceous vegetation produce very small amounts of sand. 


Fig. 4abc: a) Hydrological map (the coated bed upwards of the watershed is colored green b) 
Geological map and c) Vegetation map of watershed of Fourka’s stream. 


Table 3: Vegetation forms grown in Fourka’s stream watershed 


Land Km? | % Land use | Km? | % Land use Km? | % 

use 

Olive 2,36 | 6,40 | Aleppo 21,94 | 59,40 | Evergreens- 0,10 | 0,27 

orshards pine Broadleaves 

Farms 11,67 | 31,59 | Bare- 0,49 | 1,33 | Settlements 0,37 | 1.01 
Barren 
Soils 

Total 36,94 | 100,00 


a 
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b 
Photo 6ab: Forest a) evergreens-broadleaves and b) Aleppo pine (P. halepenesis) 
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4.2 STREAM HYDROLOGY, DEBRIS MATERIAL, ALLUVIAL DEVELOPMENT 
The maximum water-supply, stereo-supply and the gathering time tc, of the upper and total watershed 
of Fourka’s stream, are as follows (Tables 4, 5). 


Table 4: Maximum water-supplies (maxQ100) of the upper and total watershed of Fourka’s 
stream (Fig. 4a) by the rational method (maxQ100=0,278*c*maxii00*F) 


Watershed | Surface F, Km? | c maxijoo (mm/h) | Maximum water-supply (maxQ100) (m/s) 
Upper F, =25,30 0,453 | 20,89 66,56 
Total F =36,50 0,428 | 19,40 84,25 


Table 5: Gathering times tc, maximum stereo-supplies (maxG1ı100) and water-stereo-supplies 
{max(Q+G)100), of the upper and total watershed of Fourka’s stream 


Gathering times te=[4*(F)!?+1,5Lk]/0,8(Hm-Hmin)!”, maximum stereo-supplies (maxG100), and 
water-stereo-supplies [max(Q+G)j00], of the upper and total watershed of Fourka’s stream 
F Hu | Henin Lk 48 | ee Os Special (maxG}00) max( OG) 100 
Watershed | Km? (km) 3, [Po] m | sfavity | (m?/s) (m/s) 
m) | m) h) | m% U 
Upper 25,30 |183 |65 18,96 13,862 |66,56 20 11,01 |2,34 7,18 73,74 
Total 36,50 |163 0,0 120,89 |4,502 |84,25 20 |1,01 |2,32 9,17 93,41 


By the papers of Pavlidis Th. (Pavlidis Th. 1999a), Gaia S.A. Projects (2008) and Pavlidis V. (Pavlidis 
V. 2012) and the conducted plotting, the following data in respect of the coated bed, were acquired 
(Fig. 2ab and 3, Photo Sab and 7ab): 


Total length of coated plotted bed L=9.320m 
Covered surface E=214.360m? 
Average thickness of bottom solid-stone-layering Tx = 1,40m 


Total bulk of bottom layering (it refers only to the bottom and not the slope) V= E .Tx = 214.360 x 
1,40 = 300.104m3 


Average porous stone-layer 32,80% (Pavlidis V. 2012) 
Based on the above data, the porous state of the entire wire-stone-layer of the stream, amounts to: 
EV porous= 300.104m?3 x 0,328 = 98.434, 11m? 


Based on the alluvium of a) Esx.=6.840m/2 (Photo 9b), the coated bed downwards the confluence of 
the branches Kassandrino S. and the E=16.250m? (Photo 9a) of the non-coated section of 
Kassandrino S. branch, it arises that the deposited debris for the under consideration 4-year period 
(01.07.2009 — 31.06.2013), have alluvial a total bulk amounting to: 


Bulk of alluviums upwards of the non-coated alluvial bed: 
Vnon-coated = Eav.X Hnon-coated = 16,250 x 0,34= 5.525,00m* 
Bulk of alluviums in the coated alluvial surface: 

Veoated = Een X Heoated = 6.840 x (0,32 x 1,40) = 3.064,32m? 
Total alluvial bulk of a 4-year period: 

LV=Vayt Ver=5.525+3.064,32=8.589,32m3 
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Therefore, the average arrived bulk during the 4-year period 01.07.2009 — 31.06.2013, from the 
watersheds of the branches Zografitiko S. and Kassandrino S., amounts to: 


Vm (4-year period) = 8.589,32/4= 2.147,33m?/year 
This amount produced by a surface F=25,30Km/? (branches Kassandrinos S. And Zografitiko S.), 
conversed to an average annual deposited load of debris in this location, amounts to: 


w=2.147,33/25,30=84,875m°/Km/year. This load corresponds to an average annual arrived (not 
produced) to the measuring location downgrading amount wr= 84,875mm/year. 


Photo 7ab: Views of depositions a) of non-coated and b) coated bed. The non-coated bed 
upwards of the coated one was paved later in 2013-2014). 


By the acceptance that the average annual amount of debris of wr=84,875m7/Km/year constitutes the 
average annual amount of the total surface F=36,50Km‘’ of the stream’s watershed, the average annual 
arriving and deposited amount of debris into the central bed of the stream, amounts to: 


W = wrx F= 84,875 x 36,50 = 3.097,93m?/year 


By the average annual adducing amount of debris of 2.654,65m°/year and the total bulk of porous of 
the wirenet-stone-coated bed which was found to be equal to: 


V porous=98 434, 1 Im? 


It arises that the full alluvium of the porous of wirenet-stone-coated central bed of the stream will 
take place at a time: 


T= 98.434, 11m? / 3.097,93m?/year = 31,774= 31,8 years 
5. CONCLUSIONS, PROPOSALS 


Briefly, the results of the research, are as follows: 


The Fourka’s torrent is considered as the most dangerous stream in the Kassandra peninsula with a 
rich flooding background. Within the frames of providing anti-flood correction, the entire bed of the 
stream was paved from the point of Kassandrino up to Fourka Beach at a length L=9.320m. A major 
characteristic of the torrent is the big moving-out sand stereo-supply which contributes to the flooding 
riskiness of the stream and arriving to the discharge place of the stream that has shaped the Fourka’s 
sandy Beach. A physical phenomenon which constitutes the main cause of the tourist development 
of the area. 


The Fourka Beach is the functional print of two opposite acting mechanisms, one depositional 
(Fourka stream) and one carrying-away (coastal transporting with S, SE movement). Until the 
decrease of cultivated lands in 1970, which through the ploughing have provided great amounts of 
sand that were transported by the stream and deposited on Fourka Beach, the adduction of sand was 
much bigger than the abduction, with a slightly positive balance, resulting to a very slow but steady 
increase of the beach. After 1970 and mostly after the coating of the torrent’s bed with gabions and 
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gabion mattresses, the porous of which are much bigger, than the biggest of the average transported 
sandy debris, has led to the discontinuance of sand movement towards the beach, a process which 
will last as much as the completion time of gaps of the layer of gabion mattresses. Due to this fact, 
for that time span in the beach will only act the abducting, carrying-away mechanism, leading to the 
downgrading of Fourka Beach. 


During the 4-year period 01.07.2009 — 30.06.2013, the measured alluvium V4-year perioa=8.589,32m°, 
after the bed coating, produces an average alluvium W=2.147,33m?/year. Based on this figure, the 
full alluvium of the porous of gabions will occur in 32 years. Therefore, only the carrying-away 
coastal mechanism will be function for this time span and Fourka beach will be put into a steady 
downgrading process. As confirmation of the above stated, we report the recent significant loss 
of Fourka beach westwards of the stream junction. 


To encounter this problem the following are proposed: 


The compulsory ploughing of the cultivated lands. This measure, aims at the increase of the produced 
and incoming, to the central stream bed, debris amount. 


The stirring up of sandy beds and slopes of central beds of contributing branches particularly of those 
closer to Fourka Beach. 


The disclosure — stirring up — broadening of slopes of the stream bed nearest to the stream estuary. 
The broadening, beyond the starting of sand flow towards the beach, will be aiming at the 
improvement of the anti-flood protection of the area. 


The construction of sand-hold projections (Groynes) at the beach which will prevent the abduction 
of sand from Fourka Beach. 
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Abstract 

In an effort to capture various aspects of drought which contribute to the intensification of the 
phenomenon, many indices have been suggested, based on one or more hydro-climatic parameters. 
In this paper the behavior of four meteorological drought indices with different structure is discussed, 
analyzing the spatial and temporal characteristics of drought in the water department of Thessaly. 
More specifically the widely used indices: Standardized Precipitation Index (SPI), Standardized 
Precipitation-Evapotranspiration Index (SPEI), and two modified multivariate indices based on the 
Multivariate Standardized Drought Index (MSDJ), are selected for a comparative regional drought 
analysis. The first multivariate index is derived combining probabilistically the hydro-climatic 
variables of precipitation and potential evapotranspiration, — while the second combining the indices 
SPI and SPEI. The monthly precipitation and temperature data, covering the hydrological period 
1960-2002, were used for the calculation of the considered indices at time scales: 1, 3, 6, 9 and 12 
months. In order to obtain equal amount of precipitation and temperature data, the lapse rate method 
is applied, forming 78 meteorological stations. A time-series analysis and a drought classification for 
all the stations are performed, presenting the main similarities/differences in the behavior of four 
indices. Additionally, a correlation analysis is conducted, displaying scatter plots and spatial patterns 
of correlation values for the possible combinations of the examined indices. SPI and SPEI seem to be 
the most appropriate indices for the detection of drought episodes in our region. Furthermore, it was 
ascertained that the indices SPI and SPEI are more strongly correlated in the mountainous regions 
where the influence of the potential evapotranspiration is not so noticeable. 


Keywords: Standardized Precipitation Index (SPI), Standardized Precipitation-Evapotranspiration 
Index (SPEI), Multivariate Drought Indices; Drought Variability, Thessaly Water Department 


1. INTRODUCTION 


Several meteorological drought indices have been proposed based on the hydro-climatic variable of 
precipitation. An illustration of this classification is the Standardized Precipitation Index (SPI; McKee 
et al., 1993) which is acclaimed by an increasing number of scientists around the world and has been 
recommended by the World Meteorological Organization as the primary tool for monitoring 
meteorological droughts (WMO 2006). However, in some cases a single variable may not provide 
adequate information for the assessment of droughts because droughts constitute a complex process 
associated with multiple variables. Thus, apart from precipitation the parameter of temperature can 
be included in a meteorological drought assessment. This approach is great significance especially 
for studies related to climate change, as the indications of climate models for warmer climate 
conditions in the future can affect considerably the drought characteristics (intensity, duration, 
frequency, spatial extent) (Sheffield and Wood, 2008; Dai, 2013; Touma et al., 2015). The first 
attempt was made in 1965 when the Palmer Drought Severity Index (PDSI; Palmer, 1965) was 
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developed and its original purpose was to identify drought conditions in the crop-producing regions 
of the United States. Recently, Vicente-Serrano et al. (2010) proposed the Standardized Precipitation 
Evapotranspiration Index (SPEI; Vicente-Serrano et al., 2010) as an enhanced version of SPI, 
introducing a simplified mode of water balance concept (Precipitation minus Potential 
Evapotranspiration) in order to examine the effect of temperature on drought analysis. Finally, 
according to Hao and AghaKouchak (2013, 2014) it is pointed out that “no of the existing single 
indices is able to identify all aspects of meteorological, agricultural, and hydrological droughts”. 
Consequently, a new multivariate approach based on the combination of several drought indices and 
variables should be conducted for an overall drought assessment. In this view, they suggested the 
Multivariate Standardized Drought Index (MSDI; Hao and AghaKouchak, 2013), which has the 
capacity to combine the drought information not only from different drought-related variables, but 
from different drought indices as well. The incorporation of different drought related variables and 
indices can lead to more reliable and timely findings for the drought characteristics (Hao and 
AghaKouchak 2013, 2014). 


Main scope of this study is to examine the behaviour of four meteorological indices with different 
structure taking into account the drought-related variables of precipitation and potential 
evapotranspiration (PET). It should be mentioned that the selection of these indices was encouraged 
considering their multi-temporal nature and their similar probabilistic procedure. More specifically, 
the identification of drought events in the water department of Thessaly is attempted using the 
commonly used index SPI, the more recent index SPEI, and two produced multivariate indices 
motivated by the new promising index MSDI. It is highlighted that the first produced multivariate 
model is estimated through constructing the joint distribution function of two meteorological 
variables (precipitation and PET), while the second it is formed through constructing the joint 
distribution function of two meteorological drought indices (SPI and SPEI). The major aim of this 
multivariate synthesis is to extend the properties of MSDI concept, examining different combinations 
of climate variables-indices from the original index, purposing to obtain two effective meteorological 
drought measures, which can be used as supplementary tools in drought monitoring process. In order 
to assess the short and medium term drought conditions, the four indices were calculated at time 
scales: 1, 3, 6, 9, and 12 months. 


2. STUDY AREA - DATABASE 


The study area of this research is the water department of Thessaly, Greece. It is located in the central 
department of the mainland of Greece forming the greatest plain of the country which is also known 
for the intense agricultural activity. It is surrounded by large mountainous masses, among which 
Mount Olympus, rising to over than 2800 m, situated at the northern part of the plain. In the west, 
there is the Pindus mountain range which is approximately 230 km long and reaches a width of over 
70 km. Mountains Kissavos and Pelion are located in the east. In the south, there is the Othrys 
mountain range. The total acreage of the region is 13377 km? while the average elevation is estimated 
at 500 m above sea level. As far as the climate of the area is concerned, two different areas can be 
distinguished namely the coastal (lowland) eastern side of Thessaly with a Mediterranean climate, 
which is characterized by warm and dry summers and cold and humid winters, — and the mountainous 
western side, with a typical continental climate with great temperature variations between summer 
and winter time. The average precipitation is relatively high in the west, more than 1850 mm, and 
decreases in the plain region by 400 mm. The main drainage basin of the hydrological department of 
Thessaly is the basin of the river Pinios which extends across an area of about 9500 km?. Smaller 
tributaries are also included in the hydrological department. 


The available precipitation and temperature data of the region were provided by the Laboratory of 
Hydrology and Aquatic Systems Analysis of the University of Thessaly (Department of Civil 
Engineering) and cover 42 hydrological years, from October 1960 to September 2002. Specifically, 
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the monthly precipitation data from 78 precipitation stations uniformly distributed over the water 
department of Thessaly (Figure 1) have been used for the calculation of SPI. 
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Figure 1: Location and elevation of precipitation stations of Thessaly Water Department 


In this project except for precipitation data, the inclusion of temperature data at the same positions of 
precipitation stations must be considered for the estimation of PET and therefore of SPEI. Monthly 
temperature data can be derived using the temperature lapse rate method, as there is a limited number 
of meteorological stations at the desirable locations (locations of precipitation gauges). This method 
relied on the assumption that temperature decreases linearly with increasing altitude. Based on this 
assumption, a linear regression line can be fitted to the mean annual temperature data of the available 
meteorological stations of Thessaly (Figure 2). 
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Figure 2: Linear regression of mean annual temperature for 26 meteorological stations in 
Thessaly 


3. METHODOLOGY 


The four examined meteorological drought indices of this study are differentiated in their structure, 
incorporating the drought related variables, precipitation and PET in a unique way, defining the 
different purpose of their formation on drought assessment. However they share some similar 
characteristics, as the statistical approach of SPEI and MSDI relied on the tenable advantages of SPI 
as analyzed by Hayes et al. (1999). Therefore, the four meteorological drought indices can be 
standardized into normal variables, presenting the dry and the wet events in a similar way ensuring 
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their interpretability over space and time. Positive values (above the average) of the indices depict 
the wet conditions while negative indications (below the average) represent the intensity of drought 
episodes. Furthermore they can be calculated at multiple time scales (1, 3, 6, 9, and 12 months), 
examining the drought evolution among the various hydrological subsystems. Finally, they are simple 
in their calculation, as in our case only precipitation and temperature data are required. 


The computation of SPI (McKee et al., 1993) involves the accumulation of precipitation records for 
each station, considering a predefined time step (usually over n months), and their fitting to the 
gamma probability distribution which is then transformed into the standardized normal distribution 
with mean 0 and standard deviation 1. The gamma distribution is defined by its frequency or 
probability density function as: 


1 
B°T (a) 


where œ and p stand for shape and scale parameters respectively, x describes the amount of 
precipitation, and (a) is the gamma function. 


x*le B for x>0 (1) 


g(x) = 


Since the gamma distribution is undefined for x=0, a modified expression of the gamma cumulative 
probability can be applied, solving the problem with the possible zero values in our monthly 
precipitation data. 


H(x)=q+(1-q)G(x) (2) 


where q is the probability of no precipitation and G(x) the cumulative probability of the incomplete 
gamma function. 


The more recently proposed index SPEI (Vicente-Serrano et al., 2010) was developed based on the 
methodology of SPI, following similar computational processes. Therefore SPEI values can be 
derived, adapting the accumulated monthly (or weekly) water balance (Precipitation minus Potential 
Evapotranspiration), into a parametric statistical distribution, taking into account a fixed desired 
period (time scale).The three parameter Log-logistic has been used for the normalization of SPEI 
considering that it is possible to have negative values, as the applicability of the index is related with 
the identification of moisture deficit (Precipitation < PET).The probability density function of a three 
parameter Log-logistic distributed variable is expressed as: 


pea) = 2 (2) (1+ 2") O 


where a, p and y represent the scale, shape and origin parameters respectively, for the accumulated 
water balance x, in the range (y > x < 00).The estimation of monthly PET series has been conducted 
using the Thornthwaite equation (Thornthwaite, 1948) as it only demands the temperature and the 
latitudinal coordinate of the location. 


The nonparametric method as proposed by Hao and AghaKouchak (2014) has been selected in order 
to derive two multivariate models based on the available data (precipitation and temperature) of our 
study area. According to this multivariate approach, a nonparametric empirical method expressed by 
Weibull (Hirsch, 1981) or by Gringorten (Gringorten, 1963) plotting position formula, can be applied 
in order to obtain the empirical joint probability of drought-related variables (or indices). Hence, 
denoting the drought-related variables, precipitation and PET, as two random variables X and Y 
respectively at a specific time scale, the empirical joint probability of the variables (xk, y,) can be 
calculated as: 
Mk 


P(Xk Yk) =-= Weibull (Hirsch, 1981) (4) 


n 


where n is the number of the observation, and m, is the number of occurrences of the pair (xi, yi) 
for x; < x, andy; S Yk Si<n). 
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As the empirical joint probability of the drought-related variables, precipitation and PET, has been 
estimated, the multivariate standardized drought model MSDI(Pr-PET) is formed according to the 
following equation: 


MSDI = ®71(P) (5) 


where ¢ is the standard normal distribution function. Following the same procedure as described by 
the equations (4) and (5) for the drought indices SPI and SPEI, the second multivariate standardized 
model MSDI(SPI-SPEI) is derived. 


In this study, a correlation analysis, is performed among the indices: SPI, SPEI, MSDI(Pr-PET) and 
MSDI(SPI-SPED), at time scales: 1, 3, 6, 9 and 12. Main purpose of this analysis is to conduct a more 
integrated comparison among the indices providing scatter plots with their possible combinations at 
all time scales. The Pearson correlation coefficient r has been used as a statistical measure in order 
to express the linear dependence among them. Furthermore, the Ordinary Kriging (OK) as an 
effective interpolation method (Best Linear Unbiased Estimator, BLUE) Isaaks and Srivastava (1989) 
has been selected, providing a spatial insight of these correlations in the water department of Thessaly, 
at all time scales. Ordinary Kriging, as a geostatistical technique, differs from other spatial 
interpolation methods such as IDW (Inverse Distance Weighting) method, considering not only the 
distance between the sample points and the prediction location, but also the spatial covariance 
structure (autocorrelation) of the sample points. 


A general equation of Ordinary Kriging method can be determined as: 
À 1 
2(xo) = z Mie Ai z(xi) (6) 


where (xo) is the value to be estimated at location x9, z(x;) is the measured value at station xj, A; 
represents the weight of the measured value z(x;) at the it” station, and n is the number of measured 
values.The spatial dependence (autocorrelation) of the sample points is determined by fitting an 
experimental semivariogram. An experimental semivariogram y(h) can be defined as half the average 
squared difference between two neighbouring points:Z(x;), Z(xi + h), separated by the distance h 
(Goovaerts, 2000): 


Ph) = = DIZ) -Ze +)? (7) 


4. RESULTS AND DISCUSSION 


The results from station-2 which is located in the northwest side of Thessaly (Figure 1), will be used 
indicatively for illustration purposes, analyzing the basic similarities/differences of SPI, SPEI, 
MSDI(Pr-PET) and MSDI(SPI-SPEID) series at the examined time scales (1, 3, 6, 9 and 12). It should 
be pointed out that it was considered appropriate a shorter period of time than the initial to be used, 
in order to achieve best clarification of the results. Thus, the presentation of the results is conducted 
during the hydrological period: October 1982 - September 2002. Concerning the results of station-2 
(Figure 3), the monthly patterns of indices SPI, SPEI, MSDI(SPI-SPEI) seem to be quite similar at 
all time scales. Therefore, they can be characterized as 3 highly correlated indices, providing a similar 
behavior for the short and medium term drought conditions of the station. On the contrary, the 
MSD\(Pr-PET), differs significantly from the other indices and appears to be biased in negative 
values at all time scales. Regarding the results of the widely used indices SPI, SPEI, and the outcomes 
of the research of Loukas and Vasiliades (2004), which were based on the average SPI values for the 
period of time from 1960 to 1993 in Thessaly, the results of the index MSDI(Pr-PET) can be 
characterized as overrated and abnormal for the region, showing several prolonged drought episodes. 


Examining the effectiveness of the measures SPI, SPEI and MSDI(SPI-SPEI) in detecting the extreme 
drought events (<-2.0), of station-2, SPI and SPEI seem to be the more capable indices to capture 
these extreme conditions, while the multivariate model MSDI(SPI-SPEID) limited to identify only 
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severe drought episodes (-1.5 to -1.99), at all time scales. Specifically, at time scale (1), the most 
extreme drought episode has been determined by the SPEI index (mid of 90s). As the time scale 
increases (time scales: 3, 6, 9 and 12) and more smoothed patterns of temporal variability can be 
derived, the most extreme drought events have been identified by the SPI index (early of 90s). It is 
essential to underline once more, that the results above are suggestive and consequently the last 
indication about the indices SPI and SPEI is distinctive for station-2, and does not represent the results 
of the rest stations. For example, in stations where remarkable upward trends of temperature were 
recorded, the most severe drought episodes in longer time scales have been identified by the SPEI 
index. 
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Figure 3: Station-2 (Direction:Northwest, Elevation:586m). Time-series plots of drought 
indices SPI (blue line), SPEI (red line), MSDI(Pr-PET) (grey line), MSDI(SPI-SPEI) (green 
line), for 20 hydrological years (October 1982-September2002), at time scales: 1, 3, 6, 9 and 12 
months. 


A drought classification for 42 hydrological years has been performed, taking into account the results 
of four indices, for all the stations, at all time scales. This classification involves the categories: 
Extreme Drought (<-2.0), Severe Drought (-1.5 to -1.99), Moderate Drought (-1.0 to -1.49), Normal 
(-0.99 to 0.99), Moderately Wet (1.0 to 1.49), Severely Wet (1.5 to 1.99) and Extremely Wet (2.0) 
conditions. In Table 2 are provided suggestively, the percentages of drought and rainfall events as 
detected by the four examined indices, at all time scales, for the station-2. Analyzing the outcomes 
related to the drought episodes of station-2, the similar behavior of indices SPI and SPEI can be 
ascertained in this study for a second time. More specifically, the indices SPI and SPEI seem to have 
similar results in each of the three categories of drought (slightly more increased are the percentages 
of SPEI in the categories Moderate and Severe Drought, in most of the stations). In contrast, the 
MSDI\(Pr-PET) differs significantly in the number of moderate and severe drought events compared 
to the other indices, accumulating higher rates in these categories. Moreover, it fails to detect extreme 
drought episodes at all time scales (similar behavior at all stations). Therefore, the choice of the 
variables of precipitation and PET for the formation of a competent drought index through a joint 
distribution concept, does not infer the desirable results. Finally, the MSDI(SPI-SPEI) index shows 
similar outcomes compared with SPEI index in the categories of Moderate Drought and Severe 
Drought. Furthermore, it should be highlighted that in this case as well, the weakness of the 
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multivariate model to capture the extreme drought conditions of the station is obvious (also 0 values 
at all stations in this category). 


Table 2: Station-2 (Direction: Northwest, Elevation: 586m). Drought classification for 42 
hydrological years (October 1960 - September 2002), providing the percentages of drought 
events for indices: SPI, SPEI, MSDI(Pr PET), MSDI(SPI-SPED), at time scales:1, 3, 6, 9 and 
12 months. 
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In Figure 4, the scatter plots among the indices of station-2 (Northwest) are indicatively presented. 
Similar results have been observed at all time scales for the 78 stations of the region. According to 
the results of station-2, the standardized indices SPI and SPEI, appear significantly correlated at all 
time scales. Furthermore, it is observed that as the time scale increases, the correlation between the 
indices SPI and SPEI becomes stronger and therefore a perfect correlation can be accomplished. This 
is reasonable, as in longer time scales the effect of PET is limited considerably, while for the 
parameter of precipitation this is no true. Concerning the results of the MSDI(Pr-PET), the 
unconformity of the multivariate model with the other indices can be determined. Specifically, 
considerably lower correlation values (moderately to extremely low for most of the stations) 
compared to the other indices at all time scales, are presented for all the possible combinations of the 
model, indicating that the MSDI(Pr-PET) differs significantly from the indices SPI, SPEI and 
MSDI(SPI-SPEI). The small number of correlated observations as was observed for several stations, 
in each pair of MSDI(Pr-PET), can be explained by the tendency of model to approach many negative 
values as described in subsection 4.1. Finally, the MSDI(SPI-SPEI) appears to be notably correlated 
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with the indices SPI and SPEI, at all time scales. This can be explained by the fact that the multivariate 
model has been structured, combining the drought information of two strong interrelated indices (SPI 
and SPEI), ensuring highly correlated values for the pairs, MSDI(SPI-SPEI):SPI and MSDI(SPI- 
SPEI):SPEI. 
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Figure 4: Cross correlation among the indices: SPI, ‚SPEI, MSDI(Pr-PET), MSDI(SPI-SPEI) 
for time scales: (a) 1-month, (b) 3-month, (c) 6-month, (d) 9-month, and (e) 12-month 


Subsequently, the spatiotemporal correlation distribution for each pair of the analyzed indices will be 
discussed. Figure 5a shows the spatial patterns of Thessaly between SPI and SPEI. The results suggest 
a strong correlation between these indices at all time scales (r > 0.75), as expected. A remarkable 
characteristic of these patterns is that the western region which is characterized as mountainous seems 
to be more correlated than the central and eastern sides (plain areas) where many stations with lower 
elevation are located (Figure 1). This can be explained by the fact that the effect of PET in 
mountainous regions compared to the plain areas is lower, signifying that the indices SPI and SPEI 
respond mainly to the fluctuations of precipitation, and therefore more correlated values can be 
obtained for them. Paulo et al. (2012) presented a similar behavior for both indices at time scales (9) 
and (12), comparing humid and semiarid environments in Portugal. Furthermore, it is important to 
reiterate again that the PET variability decreases in longer time scales. Hence, the most correlated 
patterns for these indices have been derived at time scales 6, 9, and 12, while in shorter time scales, 
weaker correlation values have been extracted, verifying the above claim. It should be noted that the 
correlations values at time scales: 9 and 12 compared to the 6-month timescale, appeared slightly 
lower. According to Vicente-Serrano et al. (2010) the correlation between the two indices may 
decrease in longer time scales when there are noticeable temporal trends in temperature. Regarding 
the results of the MSDI(SPI-SPEI):MSDI(Pr-PET), moderately to extremely low correlation values 
predominate in all maps, at all time scales (r < 0.72) (Figure 5b). The limited number of correlated 
observations between the two multivariate models can be explained by the fact, that the MSDI(SPI- 
SPEI) seems to be in accordance (similar patterns) with the widely used indices SPI and SPEI, while 
the second model which is based on the combination of two hydro-climatic variables (precipitation, 
PET) is differentiated considerably. 
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Figure 5: Spatial patterns of Thessaly, providing the correlation coefficient values between the 
indices: a) SPI-SPEI, b) MSDI(SPI-SPEI-MSDI(Pr-PET), at all time scales (1, 3, 6, 9, 12 
months) 


However, it is notable to mention that the MSDI(SPI-SPEI) seems to response slightly better with the 
SPEI index, indicating more correlated values in northern and eastern regions. The highest correlated 
patterns for the two observed pairs have been detected at longer time scales (9-month and 12-month). 
Examining the correlation strength of the multivariate model MSDI(Pr-PET) with the indices SPI and 
SPEI, moderately to extremely low correlation values seem to prevail in both cases, at all time scales 
(a: r < 0.72, b: r < 0.67) for all the stations in the water department of Thessaly. 


5. CONCLUSIONS 


The main objective of this study was to examine the effectiveness of four meteorological drought 
indices with different structure, detecting the drought events in the water department of Thessaly. 
Specifically, the recommended index SPI, its increased version SPEI, and two multivariate models 
which combine probabilistically two hydro-climatic variables (precipitation and PET) and two 
drought indices (SPI and SPEI) respectively, have been used for the drought analysis of the area. The 
time-series analysis and the drought classification for each station showed that the indices SPI and 
SPEI represent the most suitable measures for the drought monitoring of the region, appearing similar 
patterns and similar rates in each category of drought events. Small differences between them have 
been identified in stations where significant increased temperature values were noted, strengthening 
the ability of SPEI index in the detection of the most severe drought events relative to SPI. Examining 
the results of the two multivariate models, the MSDI(Pr-PET) appeared to be biased in negative 
values, overestimating the number of moderate and severe drought episodes of the region compared 
to the other indices. On the other hand, the second multivariate model MSDI(SPI-SPEI) was found 
to be in consistency with the widely used indices SPI and SPEI, displaying similar patterns at all time 
scales. Furthermore, it was shown the weakness of the two produced multivariate indices to determine 
the extreme drought conditions of the region. A more comprehensive comparison among the indices 
was conducted examining their linear dependence, and providing the spatiotemporal distribution of 
correlation values, for all the possible combinations of the indices. The results suggested a strong 
correlation between SPI and SPEI at all time scales. Also the discordance of MSDI(Pr-PET) with the 
other indices was confirmed again presenting in several stations moderately to extremely low 
correlation values, while the second multivariate model appeared highly correlated with the 
interrelated indices SPI and SPEI. Moreover, it was observed that in mountainous areas (west side) 
where the effect of potential evapotranspiration it is not significant, the indices SPI and SPEI appeared 
to have more correlated coefficient values compared to the plain areas (central side). This means that 
the two indices in high-altitude regions respond mainly to the variations of precipitation. Additionally, 
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it should be noted that the weakest correlation values were presented at time scales: 1 and 3, indicating 
the importance of PET in the short term drought conditions. 
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Abstract 

An unsupervised method that utilizes a combination of statistical and machine learning techniques is 
presented in order to classify statistically independent rainstorm events and create a limited number 
of design hyetographs for the Water Division of Thrace in Greece. The whole process includes the 
necessary steps from importing raw precipitation time series data to producing the initially unknown 
optimal number of representative design hyetographs. These hyetographs can be used for stochastic 
simulation, water resources planning, water quality assessment and global change studying. The 
present type of analysis is applied for the first time on data from a Greek region and, in addition, it 
presents certain characteristics of a more general applicability. Namely, the method employed is fully 
unsupervised, as no empirical knowledge of local rainfalls is implicated or any arbitrary introduction 
of quartiles for grouping. Also, the critical time duration of no precipitation between rainstorm events 
is not defined in advance, as is the case in the pertinent literature. 


Keywords: Rainfall temporal distribution; design hyetographs; unsupervised machine learning; 
hierarchical clustering; Principal Components Analysis 


1. INTRODUCTION 


Knowledge about the temporal distribution of rainfall is essential in current methods of water 
resources management such as drainage design, erosion control, water quality assessment and global 
change studies. A typical methodology includes the determination of total duration and height of 
rainfall and disaggregation of this height using a temporal pattern that represents the expected internal 
rainfall structure, the design hyetograph (DH). Veneciano and Villani (1999) provided categorization 
of methods for the production of design hyetographs, distinguishing four types. The first two methods 
are based on intensity-duration-frequency curves, the third method is based on standardized profiles 
derived from rainfall records and the last method relies on stochastic rainfall models via simulation. 
The first three methods are used more frequently. 


Huff (1967) presented a probabilistic method, in which storm data are classified using the quartile 
where the maximum intensity occurs. More details about the development and utility of Huff’s curves 
in disaggregation and stochastic simulation can be found in the literature (Bonta and Rao, 1987; Bonta 
and Shahalam, 2003; Bonta, 2004a, 2004b; Vandenberghe et al., 2010). A necessary step prior to the 
construction of Huff s curves is the extraction of individual rainstorm events from precipitation time 
series. Huff used a six-hour fixed Critical time Duration (CD) of no precipitation to separate these 
events, and many researchers followed the same approach (Loukas and Quick, 1996; Williams-Sether 
et al., 2004; Azli and Rao, 2010; Dolšak et al., 2016), although Bonta (2001) showed that CD has 
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seasonal variability. The determination of rainfall temporal distribution is dealt with in this paper by 
means of machine learning methods. 


Applications of machine learning using hydro-meteorological data, in general, has been dealt within 
the literature, in terms of supervised methods trained on big datasets, such as infilling erosivity values 
(Vantas and Sidiropoulos, 2017) or to create more accurate models than widely used formulae, such 
as the flow velocity prediction (Kitsikoudis et al., 2015). The use of unsupervised methods in relation 
to the special issue of temporal distribution of rainfall is scarce. Self-organized maps have been 
applied to a small data-set to estimate design storms (Lin and Wu, 2007) and k-means clustering has 
been used to create a predefined number of rainfall patterns (Nojumuddin and Yusop, 2015). 


This paper presents an original, controlled, fully reproducible, unsupervised method that produces 
automatically and objectively the optimal number of DHs using precipitation records. This method 
comprises of the following steps: a) Raw precipitation data is cleaned from noise and errors. b) CD 
is determined on the basis of a Poisson process hypothesis. c) A temporal model of CD is constructed 
with the above rainfall data. d) Unitless Cumulative Hyetographs (UCH) are compiled and Principal 
Components Analysis (PCA) is applied to the UCH’s. e) Agglomerative hierarchical clustering is 
applied on the principal components (HCPC). f) The number of clusters is determined by repetitive 
statistical comparisons between the centers of the clusters already produced at the previous steps. g) 
Finally, a limited number of DHs is produced that represents the rainstorm records. 


2. MATERIAL AND METHODS 


2.1 Study area and Dataset 

The study region, located to the north-east Greece (Fig 1.), extends to an area of 11,243 km? that 
covers the Water Division of Thrace. It is delimited by the boundaries of Greece, Bulgaria and Turkey 
on the north and east, by the Thracian Sea on the south and by the watershed of Nestos River on the 
west. 


25°24'E 41°2'N 


. 0 2 40 BOK 
Figure 1: Location of the study area and the 13 meteorological stations from the Greek 
National Databank for Hydro-meteorological Information. 


The climate is predominantly Mediterranean and annual rainfall ranges from 500 mm in coastal and 
insular areas to 1000 mm in the northern mountainous areas (Ministry of Environment and Energy, 
2013). The data utilized in the analysis was taken from the Greek National Databank for Hydro- 
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meteorological Information (Vafeiadis et al., 1994) and came from 13 meteorological stations. The 
data coverage was 37%, on average (Table 1). The time series comprised a total of 413 years of 
pluviograph records with a time step of 30 minutes for the time period from 1956 to 1997. The time 
series rainfall records were checked for consistency and errors which were: a) There were repetitive 
values, where the same rainfall was recorded over a long-time period, and these were set to zero, b) 
there were records of aggregated values, where the time step was larger than 30 min, and these were 
removed, c) there were records where the time step was 5 min and these where aggregated to 30 min, 
d) probably due to the initial digitization of the pluviometers’ bands, there were values near zero « 
0.01 mm) which were set to zero. 


Table 1: Meteorological stations location, pluviograph records data coverage and duration. 


iy eee Lat (*) Long ©) Elevation Data Length mana: die Data 
(m) (yr) Coverage 

1 1200249 |TOXOTES 41.09 |24.79 75 41 1956 |1997 |62% 
2 |200259 |MIKRO DEREIO 41.32 (26.10 116 24 1973 |1997 |63% 
3 1200260 |FERRES 40.90 26.17 43 35 1962 |1997 (56% 
4 200263 |DIDYMOTEIXO 41.35 126.50 23 41 1955 |1996 |62% 
5 [200311 |PARANESTI 41.27 124.50 122 36 1960 |1996 |65% 
6 |500250 |GRATINI 41.14 (25.53 120 31 1965 |1996 |21% 
7 (500251 IKECHROS 41.23 |25.86 700 31 1965 |1996 (20% 
8 500253 MIKRA KSIDIA 41.13 125.64 70 31 1965 |1996 (25% 
9 |500262 |[THERMES 41.35 125.01 440 31 1965 |1996 (21% 
10 [500265 |GERAKAS 41.20 24.83 308 31 1965 |1996 |26% 
11 [500267 JORAIO 41.27 |24.83 656 31 1965 |1996 |18% 
12 [500272 |SEMELH 41.09 [24.84 65 24 1968 |1992 [21% 
13 500273 |CHRYSOUPOLI 40.99 24.69 15 26 1966 |1992 |16% 


2.2 Storm identification 

A Poisson process hypothesis is assumed for the division of the precipitation time series to 
statistically-independent rainstorm events, in which: a) the events’ interarrival times ty, that come 
from the same month are distributed exponentially, b) the events are separated by a monthly, constant, 
minimum Critical time Duration of no precipitation, CD, and c) there is a seasonal pattern for CD in 
the area of interest. The probability density function of tg is (Restrepo-Posada and Eagleson, 1982): 


fla) =w: et, ty 20 (1) 
where œ is the average storm arrival rate and: 
ta =t; ttp (2) 


where t, is the storm duration and tp is the dry time between rainstorms. The estimation of CD is 
based on an iterative procedure of statistical tests where inter-month data per station are used to ensure 
homogeneity (Koutsoyiannis and Xanthopoulos, 1990). In Algorithm 1, Appendix, a vector of test 
CD values is used to compute tg values and @ is estimated from this sample of values. Then a non- 
parametric bootstrap method (Babu and Rao, 2004) that utilizes the one-sample Kolmogorov- 
Smirnov test (William, 1971) is applied to test the goodness-of-fit, only if the sample size is moderate 
to large (i.e. > 50), because the data suffer from significant proportions of missing values. Finally, a 
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temporal, sinusoidal model for the Water Division’s CD values per month is fitted (Equation 4, 
Algorithm 1). 


2.3 Development of Unitless Cumulative Hyetographs and Principal Components Analysis 
The rainstorms are extracted from the dataset using the monthly CD values obtained from the fitted 
model of Algorithm 1. The general approach given by Bonta (2004) is followed and only the events 
with duration greater than 3 hours and cumulative rainfall greater than 12.7 mm are used in the 
analysis. The hyetographs of the rainstorms that meet these criteria are transformed to unitless form 
in which a) the time expresses the percentage of the rainstorm duration and b) the cumulative rainfall 
expresses the percentage of total rainstorm height. Because the UCHs’ vectors in this form have 
variable length, linear interpolation is applied to compute the unitless cumulative rainfall for every 
1% of unitless time values. Finally, a matrix of UCHs, U is produced with the values of unitless 
cumulative rainfall, with every row representing the rainstorm and every column the unitless time 
values. 


Because the time variables (i.e. the m columns of the U matrix) are highly correlated, Principal 
Component Analysis (PCA, Pearson, 1901) is applied to reduce the dimensionality of the data to a 
few dimensions. The number of dimensions to retain is determined using the proportion of total 
variance of the data explained (Jolliffe, 1986). In this analysis this level is set to 99.5%, to ensure that 
almost all the information from UCHs will be preserved. 


2.4 Clustering Analysis 

The Hopkins index, H (Lawson and Jurs, 1990), for clustering tendency is applied, because all the 
clustering algorithms can return clusters even if there was no structure in the U matrix. The computed 
value of H was 0.88, thus it indicates clustering tendency at the 90% confidence level (Han et al., 
2011). The clustering method applied is Hierarchical Clustering on Principal Components (HCPC), 
using Ward’s minimum variance criterion that minimizes the total within-cluster variance (Ward, 
1963). This criterion was utilized because it is based on the minimum variance as is PCA (Husson et. 
al, 2010). The result is a tree-based representation of the UCHs. 


The number of clusters is selected from the produced hierarchical tree using the top-down iterative 
Algorithm 2, Appendix. At each step of the iteration the dendrogram is cut into different groups of 
UCHs. The center of each group represents a different design hyetograph and these hyetographs, for 
all possible pairs, are tested if are drawn from the same distribution using the two-sample 
Kolmogorov-Smirnov test (William, 1971). Because of the multiple pairwise tests, the p-values that 
resulted are adjusted using the Benjamini and Hochberg method (Benjamini and Hochberg, 1995), 
which controls the false discovery rate. If any of the produced design hyetographs’ p-values is not 
smaller than a predefined significance level a, the procedure stops and the optimal number of clusters 
is found. Silhouette analysis (Rousseeuw, 1987) was applied to validate the internal structure of 
clustering. 


3. RESULTS 


The relation between the p-values and CD-values was found to have a global maximum for every 
station and month, which is a desirable feature of Algorithm 1. The fitted monthly sinusoidal model 
of CD shows a temporal variation during summer months, with an average value of 9 hours, while 
for the rest of the year the same quantity averages 6.5 hours. Using the calculated CD-values a 
population of 1,622 out of 25,377 extracted rainstorms met the criteria of minimum duration and 
cumulative height. From PCA it is concluded that using only the first two dimensions explains 78.5% 
of total variance and the first 15 explains 99.5%. The application of Algorithm 2 identifies four 
clusters and some of their statistics are presented in Table 2. The percentiles’ values of the DHs are 
given in Table 3. The first cluster has the highest variance in monthly occurrence, and the highest 
average value of maximum 30 min duration’s intensity. In Figure 2 the clusters’ 10th, 50th and 90th 
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percentiles are shown with the UCHs that belong to them and in Figure 3 the clusters’ monthly 
occurrence. 


HCPC clustering UCHs 


75% 


Cumulative Rainfall 


50% 


25% 


0% 25% 50% 75% 100% 0% 25% 50% 75% 100% 
Storm Duration 


Figure 2: Results from Algorithm 2. At the top the 10th, 50th and 90th-percentiles 
dimensionless hyetographs curves derived from the four identified clusters. With grey lines 
are shown the UCHs of each cluster. 


Cluster monthly occurrence 
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Figure 3: The plot presents the variability of clusters’ monthly occurrence. 
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Figure 4: A comparison between the results from HCPC and Huff’s quartiles clustering. At 
the top the derived dimensionless hyetographs curves are shown. In the middle the UCH’s 
plots are shown using the first two principal components and ellipses around the clusters. At 
the bottom the silhouette plots are shown and with red, dashed line the average silhouette 
width of the clustering methods 
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Table 2: Average values of occurrence of clusters, duration, precipitation height and 
maximum 30 min duration’s intensity of clusters’ rainstorms. 


Cluster Occurrence (%) Duration (hr) Prec. (mm) 130max (mm/hr) 
1 12.50 16.25 16.5 20.1 
2 32.80 18.75 19.4 13.0 
3 39.50 19.5 19.5 12.4 
4 15.20 16.5 18.5 16.8 


After developing DHs for each station and for every month, correlation matrices were computed, 
utilizing Pearson’s r coefficient (Helsel and Hirsch, 1992), using the respective UCHs per cluster. 
These matrices showed very high similarity between a) the DHs per station with r > 0.98 and b) 
the DHs per month withr > 0.95. A comparison among HCPC and Huff s curves is shown in Figure 
4. Three pairs of the Huff’s curves fail to reject the hypothesis that are drawn from the same 
distribution for both a 0.05 anda 0.10. HCPC results in the clear separation of UHCs, as its 
clusters ellipses are not overlapping and it creates clusters with better internal structure, as average 
sill width is almost two times better. 


4. CONCLUSIONS 


A temporal model of critical dry duration between rainstorms was introduced and implemented and 
a seasonal variability of rainfall patterns is simulated by the proposed method, in contrast to more 
simplified approaches of the literature. The unitless cumulative hyetographs produced were subjected 
to Principal Components Analysis in order to investigate if they can be compressed to a few 
dimensions, due to high correlation values, and it turned out that only a small number of them 
sufficiently explain almost all of the variability. Hierarchical Clustering on Principal Components 
was subsequently applied that yielded a small number of clusters. Clustering tendency and internal 
structure validation was appropriately investigated and documented. Finally, based on the clustering 
analysis four representative design hyetographs were produced. These hyetographs do not exist in 
Greece, especially in a way that covers the various Water Divisions. The proposed methodology may 
be utilized for the systematic production of such hyetographs, also based on intensity-duration- 
frequency curves. This method is fully unsupervised, as no prior empirical knowledge is used. 


Table 3: Design Hyetographs 


Storm Cluster 1 Cluster 2 Cluster 3 Cluster 4 
duration (%) | 10th | 50th | 90th | 10th | 50th | 90th | 10th | 50th | 90th | 10th | 50th | 90th 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
5.0 3.9 | 15.7] 38.4 0.4 3.1] 10.0 0.4 1.7 6.6 0.4 1.9 8.1 
10.0 15.0 | 31.4 | 63.5 1.6 8.1 | 19.2 0.8 3.6 | 12.4 0.8 3.7 | 143 
15.0 29.8 | 44.9 | 73.0 3.9 | 149] 28.5 1.3 6.0 | 17.3 1.1 5.5 | 18.7 
20.0 41.8 | 55.7 | 80.4 8.0 | 22.4] 38.2 2.0 8.9) 21.8 1.6 74 | 22.2 
25.0 47.8 | 64.5 | 86.8 | 13.5 | 30.5] 48.6 2.9} 12.0] 26.0 2.2 9.2} 25.3 
30.0 52.0 | 714 | 89.6] 20.7] 38.9} 58.6 4.2 | 15.7} 30.2 2.7} 10.9] 28.2 
35.0 55.8 | 76.7 | 92.2} 29.9 | 46.7 | 67.6 6.2 | 20.1 | 35.1 3.5] 12.7] 31.0 
40.0 57.5 | 80.0 | 93.7] 39.5 | 54.5] 76.9 9.6 | 25.5] 41.1 43 | 149] 33.8 
45.0 60.3 | 81.8 | 95.2} 47.5] 61.8 | 83.5] 13.8] 31.6] 47.3 5.2 | 17.6] 37.7 
50.0 62.7 | 83.5 | 962] 540] 68.7] 88.2] 19.6] 39.2] 54.2 6.1} 21.1} 41.7 
55.0 65.2 | 85.3 | 96.9] 60.0] 75.1] 92.2] 269] 47.1] 63.4 7.7| 24.41] 45.0 
60.0 68.7 | 87.4 | 97.8 | 64.7] 804] 94.5] 344] 542] 733) 10.1) 28.3] 49.4 
65.0 71.8 89.1 98.3 69.0 84.9 96.0 43.4 62.4 80.9 13.0 33.6 52.6 
70.0 76.0 | 90.8 | 98.5 | 72.8 | 89.1] 97.4] 53.1} 71.0] 87.8) 169) 403] 56.4 
75.0 79.5 | 92.5 | 98.7} 77.6] 92.3} 98.3} 62.2} 78.5] 93.3] 22.8] 477| 62.3 
80.0 82.0 94.8 99.1 82.1 94.3 98.9 70.7 85.4 96.3 32.4 56.1 70.8 
85.0 85.5 96.6 99.3 86.7 96.0 99.3 79.0 91.3 98.1 46.2 67.0 81.3 
90.0 89.5 97.7 99.5 91.2 97.5 99.5 86.9 95.5 99.1 60.2 81.1 91.7 
95.0 94.6 98.8 99.7 95.6 98.8 99.8 94.0 98.3 99.6 78.0 92.7 98.3 
100.0 100.0 | 100.0 | 100.0 | 100.0 | 100.0 | 100.0 | 100.0 | 100.0 | 100.0 | 100.0 | 100.0 | 100.0 
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APPENDIX 

The analysis and the algorithms were implemented in the R language (R Core Team, 2018) using the 
packages: hydroscoper (Vantas, 2018), FactoMineR, (Lé et al., 2008) and factoextra (Kassambara 
and Mundt, 2017). 


Algorithm 1: Temporal model of CD 
Input: Stations’ precipitation time series P; where i = 1,...,k; Critical durations test vector 
CD = [120,180,. . . , 1800] (min); Number of samples that are drawn for parametric 
bootstrapping s = 50,000; 


1 for station i ~1tok do 

2 for month m + 1 to 12 do 

3 for cd in CD do 

4 Compute the vector of interarrival times tą using inter-month data and n = length(t,); 

5 if n > 50 then 

6 Estimate the average storm arrival rate © from ty using Maximum Likelihood 
Estimation; 

7 Obtain the Kolmogorov-Smirnov’s p-value for the original sample ta and the estimated 
distribution; 

8 Generate s samples of size n from the estimated distribution; 

9 For each sample compute the one-sample Kolmogorov—Smirnov’s p-value using the 
estimated distribution as theoretical; 

10 Use the empirical non-parametric distribution of p-values to obtain the p-value for the 
original sample ty; 

11 Get minimum dry period duration MDPD; m from CD[max(p — value)|; 


12 Use MDPD values to fit the smooth sinusoidal model: 


f(CD) = aysin( =m) + sin (Sn) + 03c0s( =m) + aycos( frm) (4) 


Result: Monthly values of CD for the area 


Algorithm 2: Optimal number of clusters 


Input: tree produced from HCPC algorithm; significance level « = 0.05 
1 while all p-values < « do 
2 moving down the tree cut into q different clusters q = 1,...,m; 
3 calculate the mean values 74 of the UCHs that belong to cluster q; 
4 for all Xq obtain the Kolmogorov—Smirnov two sample test, p-values; 
5 adjust the obtained p-values using Benjamini and Hochberg method; 


Result: optimal number of clusters qo»; and design hyetographs op; 
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Abstract 

The large amount of measurement data from Greece's meteorological network requires visualization 
and processing to be more understandable and useful. In this paper we study measurements and 
forecasts of temperature and wind velocity for the geographical area of Greece and we produce useful 
depictions through an interactive application. We also include statistical processing on the wind data 
so that we can understand in which area of Greece there is a greater probability of extreme weather 
events occurring. In general, Visual Analytics may help the emerging area of Artificial Intelligence 
and Decision Support Systems. The data used in this work is obtained from the National Observatory 
of Athens through the site of meteo.gr. 


Keywords: Measurements, Temperature, Wind Data, Extreme Weather Forecasts, Decision Support 
Systems 


1. INTRODUCTION 


1.1 Motivation 

Nowadays, the amount of information that passes through our eyes in a daily basis, from the 
newspaper we read at breakfast, the emails we receive throughout the day, the data generated when 
we make a bank statement to receive or store money or the conversation we have, is enormous. For 
that reason, several scientific fields have been developed, such as Information Visualization and 
Visual Analytics, in order to make the information we receive more comprehensive and cohesive, 
and to make our lives simpler. The Information Visualization, the art of presenting the data in such a 
way that we can clearly understand and manage it, can help us understand the meaning behind that 
information in order to adopt and use it in everyday life. 


On the other hand, Visual Analytics, which is an emerging field of Artificial Intelligence and Decision 
Support Systems, aims to support analytical reasoning through various interactive visual interfaces. 
The basic idea is the integration of the outstanding capabilities of humans in terms of visual 
information exploration and the enormous processing power of computers to form a powerful 
knowledge discovery environment. 


1.2 Related work 

A technique for classification of information visualization and optical data mining techniques have 
been proposed [Keim, Daniel A. "Information Visualization and Visual Data Mining], based on the 
type of data, the visualization method and the specific interaction and distortion of them. A new 
approach regarding the visualization of data mining from a large database has been described and 
evaluated [Keim, D.a., and H.-P. Kriegel, . Keim, D.a., E.e. Koutsofios, and S.c. North]. The basic 
idea of the visualization techniques used for that purpose is to present as much as possible information 
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on the screen at the same time, mapping every data value to a specific pixel and arranging the pixels 
sufficiently. The information visualization techniques are usually limited to only a few thousand 
objects. Fortunately, a description of new interaction techniques, that can manage millions of objects 
and the emerging hardware-oriented techniques and new animation methodologies such as 
stereovision and overlap count, have been given and evaluated [Fekete, J.-D., and C. Plaisant]. Also, 
recent researchers [Kandel, S., Heer, J., Plaisant, C., Kennedy, J., van Ham, F., Riche] have invented 
techniques, as well as visualization ones, that are pixel-based, in order to increase the density of the 
data, that can be displayed, without the loss of the possibility to display individual values. 


As statistics data sets become increasingly large and complex, the users require more effective multi- 
dimensional visualization tools and faster interactive performance. This challenge demands improved 
fundamental methods for data model and visual exploration analysis. The potential to apply integrated 
infovis and geovis tools for analyzing multivariate statistics data over time represents another 
interesting research challenge. An attempt for summarization of those challenges has been done [Jern, 
M] through real time examples. 


Weather conditions concern multiple aspects of human life, such as economy, security and social 
activities. For this reason, meteorological forecasts play an important role in society. Current weather 
forecasts are based on Numerical Weather Prediction (NWP) and create representations of 
atmospheric flow. Interactive visualizations of geospatial data [Diehl, A., L. Pelorosso, C. Delrieux, 
C. Saulo, J. Ruiz, M. E. Grdller, and S. Bruckner] have been widely used to facilitate analysis of 
NWP models. A system that provides geographical representation of the probability of fire and the 
identification of areas of the highest risk [Kalabokidis, Kostas & Nikos, Athanasis & Gagliardi, 
Fabrizio & Karayiannis, Fotis & Palaiologou, Palaiologos & Parastatidis, Savas & Vasilakos, 
Christos], based on a high-performance pilot application running on a server, has been developed. 


1.3 Our contribution 

We propose a visualization method of grid-based point data that describe weather conditions in 
different locations in the area of Greece. We also make a statistical analysis of the data so that we can 
make predictions of weather changes. Thus, we can make useful depictions of extreme weather 
conditions, such as high wind accelerations through interactive visualizations. 


2. STATISTICAL ANALYSIS 


Our goal was to implement a semitransparent visualization above a map so that we could find wind- 
based sensitive areas of Greece at a particular time. Those areas should tell us if the wind speed had 
changed enough so that we could determine whether an extreme weather condition event was 
occurring. A way to achieve this goal was to calculate from various timeframes the specific local 
pixel mean value from the group of wind speed values in the given timeframe. Then, we had to find 
the variance from the wind gust information we had about the specific pixel and the mean value we 
already calculated. In this way, we can clearly see which areas are most vulnerable from extreme 
weather conditions because the more the wind gust is away from the mean wind speed value the 
bigger the value of the final pixel will be. The computational procedure is as follows: 


First, we calculate the mean wind speed, q, at each pixel j 
n baf 
T = Dh i a) 


where u; is the wind speed at the time interval i, i € {1,2,...,n}. Then, we calculate the wind speed 
variance of the gust speed and as a last but important step, the standard deviation at each pixel j 
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Var(ugi) =< T 1(ugi — g) (a) stdev(ugi) = [Var(ugi) (b) (2) 


The standard deviation is used as the criterion revealing the most vulnerable regions. 
3. ESTIMATING GRID VALUES FROM SCATTERED POINTS 


3.1 Simple approach to grid approximation 

The visualization of the data of interest would not be possible if we could not convert the input 
scattered points to an actual regular grid first. In order to do that, we needed to map the values of the 
input scatter point data to match the individual values of the grid covering the area of Greece. An 
algorithm that is easy to implement and understand is the Kriging Method [A Basic Understanding 
of Surfer Gridding Methods] which finds an approximate value of each grid point based on the 
corresponding neighboring scattered points. Every point from the scattered points has a weight that 
is been calculated based on the neighborhood area of the grid point. The flow diagram of the Kriging’s 
Method algorithm can be seen in Figure 1. For example, in order to calculate the estimated value of 
the grid point based on its neighbors we use the relationship: 


Za = Yin WiZ; (3) 


where Z; is the estimated value, n is an arbitrary number of neighbors, W; is the corresponding weight 
of the current neighbor and Z; is the value of the current neighbor. The weights are calculated in a 
way that the sum of them equals to unity. For example, we use the following formula: 


(4) 


3.2 Inverse Distance Weighting (IDW) and Kriging method’s algorithm 

The problem that occurs with the previous equation of the simple approach is that smaller distances 
of the neighbors from the current grid point do not affect the corresponding weight and thus the final 
estimation. Although, we always search for the closest neighbors from the grid point to find the 
neighborhood and we get reliable results, we can still use better techniques to increase the accuracy 
of the results. One of them is the Inverse Distance Weighting Method also called the Shepard method 
[Robert Weibel] and is the method we have used in this work. Inverse Distance Weighting considers 
the distance of the chosen neighboring points and calculates their weights. A simple approach of this 
method is to find the weights from the direct inverse distance: 


(5) 


2 
di 
where d; is the distance of the current grid point from the i-th point of neighbors i.e. a hyperbolic 


weight allocation method. Also with the prior weighting calculation the estimation now changes to: 


_ Wizi 
L Èr Wi (6) 


567 


Environmental hydrology 


Initialize the number of neighbors of 
influence (e.g. k = 20) 


for each point in the grid 


calculate and store the distances from the 
station points in a vector 


sort these distances in ascending order 


find the closest k neighboring points 


estimate the value of the grid using the 
IDW method from the neighbors 


assign result value to the current grid 
point 


Figure 1: Flow diagram of the Kriging method 


With the IDW simple equation we simply improved the distance correlation and the accuracy of the 
results. The IDW method allows for very fast calculations and different distances can be integrated 
in the equation. Also, with the usage of the distance-weighting exponent we can precisely control the 
influence of those distances. Using the IDW method we are not able to do a direction-dependent 
weighting. That means that spatially oriented relationships are ignored. There are also some 


undesirable artifacts that appear called «Bulls-eyes» as shown in Figure 2. 


Those artifacts are circular areas of equal values around known data points. In order to improve the 
results and make the artifacts disappear we use a variation to the above equation using an exponent 


of the distance as a parameter: 
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Figure 2: The undesirable artifacts, also called “Bulls-eyes” that we try to reduce using an 
exponent parameter p = 0.02 shown in the right image 


4. COLOR MAP BASED VISUALIZATION 


Finding the values that match the grid coordinates from a group of scattered points is only the first 
step that only requires some math computations and no visualization. In order to create the grid mesh 
and visualize it on the screen, we have to follow some rules in order to give meaning to the final 
visualization based on the variable we are currently working on (e.g. Temperature). A good way to 
fulfill that purpose is to create a color map that is basically a collection of colors that have been 
arranged in a "map" or array of colors so that each color corresponds to a specific value of our 
variable. There are three types of color maps: The Qualitative, the Sequential and the Diverging color 
map as shown in Figure 3. The Qualitative map is a collection of colors that cannot be related to each 
other. A usage of it could be in a map where we want to distinguish one country from the other based 
on its unique color. That type of color map has not been used in that particular work because the 
emphasis is focused on the values appeared in the several regions of Greece and not on the regions 
themselves. The Sequential color map is an important one because each color, when we look at the 
colors in the array, has a slight difference, in terms of hue, from the neighboring colors. A great 
example of a sequential color map is the Rainbow color map, which is widely used in many scientific 
fields that require visualization to present the results. Although, that type of color map is very 
important and gives a good sense of where our value belongs in the range of our variable and on the 
color map, the following type of color map gives more reliable results and the more colorful nature 
of it can be more aesthetically pleasing. 


oS dii das 


(a) Qualitative (b) Sequential (c) Diverging 


Figure 3: The different types of color maps: (a) Qualitative, (b) Sequential, (c) Diverging 
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The Diverging color map [Moreland, Kenneth] can have up to twice the perceptual resolution of the 
sequential color map without sacrificing the requirements of surface shading or losing viewers with 
dichromatic vision. To create a diverging colormap we need to choose 2 colors that will play the role 
of the extreme values of our scalar variable. Every color in between will be a combination of those 
two and the color in the middle of the color map, which is an unsaturated color (e.g. the white). In 
general, diverging color maps lack a natural ordering of the colors and because of that we have to 
choose the extreme colors in a way so that we can understand them naturally. For example, a common 
diverging color map is the cool to warm map, in which the endpoint colors are chosen so that they 
have a natural meaning. It has been proven from studies that people identify red and yellow as warm 
colors and blue or green as cool colors across subjects, contexts and cultures. When creating a 
diverging color map, we must ensure that it maintains a perceptual uniformity and therefore it must 
be true that the quantity 
AE ee (8) 
is constant for every x, where AE expresses a slight change in the visual color difference between two 
consecutive colors. 


We use CIELAB color space for precise control of the color difference. Unfortunately, the three 
colors (e.g. red, white and blue) that the map passes through may not be in a line in CIELAB space. 


That means we cannot use only a single interpolation method to find the colors of the diverging color 
map directly from the difference between the three basic colors of the colormap. Prosperously, we 
can ensure that the rate of change of the color difference between two consecutive colors is constant 
if 


ian AE {c(x),c(x+Ax)} 
Ax-0 Ax 


(9) 


is also constant. 


We can resolve the above equation by applying the AE operation and splitting up the c function into 


its components (AE {c,, C2} = ||c1 — call = V Lilley — €2;)*). 


im Woe FAM) = CGO _ 
im —_—__—__ = 


Ax-0 Ax Ax-0 


c(x + Ax) — c(x) 
Ax 


SS ays Cj(x+Ax)—-c;(x) 2 E : ci(x+4x)-c;(x) 2 
“ee ine (10 


In the final form of the equation (10), we can notice that the limit is the definition of a derivative and 
by replacing the limit with a derivative, we get the following result: 


i c(x+Ax)—c(x 2 
Tim Rarer = SEOS = Mel an 
where c’(x), the constant rate of change requirement, is declared as the piecewise derivative of c(x) 
and the easiest way to ensure that the equation (11) is constant is to linearly interpolate in the CIELAB 
color space. To make the linear interpolation pass also from the middle color (e.g. white), a piecewise 
linear interpolation had to be implemented. That interpolation may cause undesirable artifacts in the 
color map also called Mach bands, that can be reduced by setting a “leveling off’ of the luminance 
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as we approach the middle area. To preserve the properties of a diverging color map the chromaticity 
should also change more dramatically when we are working with that specific area. 


The most suited color map for our work was the diverging color map so we chose to implement it and 
used it for every possible visualization. 


5. IMPLEMENTATION 


To test the results, we used temperature data as well as wind data from scattered points of 
meteorological stations across Greece. Without the Inverse Distance Method, the results were good, 
but they were lacking detailed estimation near specific areas because of the distance of each 
neighboring point that was not considered when calculating the corresponding weights. Using the 
Inverse Distance Method with exponent equal to 1 (p=1) we made a more detailed visualization also 
causing the "bulls-eyes" artifacts to appear. To reduce those artifacts, we simply chose the exponent 
to be equal to 0.02 (p=0.02) without loss in the quality. 


For the temperature data, the cool to warm diverging color map was very well suited and helped a lot 
to distinguish higher values from lower ones. The usage of green and purple colors as endpoints for 
the description of the wind data also follows the same approach. The nature of green colors can 
interpret mild or lower values of the wind speed perfectly. In contrast, purple colors can describe 
more tense or higher values of the wind. 


Another useful visualization which has been done in this work is the flow visualization of a vector 
field either with the arrows in the corresponding positions of each grid cell or with the streamlines 
that are tangent to each vector of the field. That kind of visualization is very useful for presenting 
wind speed data that has a vector form and the intention of motion of the wind that is taking place in 
certain regions of the map. 


Beyond those visualizations, the interaction with the user is such so that zooming in specific area with 
updated values through proper local normalization is possible. Additional features also included in 
this work such as increasing the quality of the grid visualization using bilinear interpolation 
[Numerical Recipes in C]. 


6. RESULTS 


Usually, in a GIS based application such as Virtual Fire [Kalabokidis, Kostas & Nikos, Athanasis & 
Gagliardi, Fabrizio & Karayiannis, Fotis & Palaiologou, Palaiologos & Parastatidis, Savas & 
Vasilakos, Christos], where meteorological data are needed for the visualization, greater accuracy can 
benefit the results and the decisions we make based on those. Our application, even though it is simple 
at its core, can produce good-quality images. It is also capable of providing control for increasing or 
decreasing the quality of the visualization grid as much as we want overall or at specific regions of 
the map. 


The visualizations created with the temperature data is shown in Figure 4 and we can see how the 
method that takes into account the distance for the calculation of the weights affects the accuracy of 
the results. The user can interact with the grid by rotating it in 3D space holding the right mouse 
button and moving the mouse around. Also, it is possible to zoom in and extract more detailed 
information about a specific area. By looking at the colormap, the user can understand how each value 
matches the values in the Greece and make proper decisions. The same techniques apply for the 
visualization in Figure 5 where the data used as input is the wind data. The procedure is the same, 
with the only noticeable difference in the results and the color map used in the specific visualization. 
In Figure 6 we can see the visualization of the vector field and the corresponding streamlines for 
presenting the wind speed data in a better way using also a separate color map. 
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(a) (b) (c) 

Figure 4: Grid Based Visualization of temperature data using (a) a simple neighboring 
approach, (b) a simple Inverse Distance Weighting Method, (c) variation of the simple Inverse 
Distance Weighting Method. Undesirable artifacts have been reduced in image (c) comparing 

to image (b) 


Figure 6: Visualization of vector field. Image (a) shows the arrows that represent the wind 
speed vectors in the vertices of each grid cell, image (b) shows the corresponding streamlines 
and the wind speed stand. deviation on the values of the grid, image (c) shows the wind speed 

stand. deviation in percentage 


7. CONCLUSIONS AND FUTURE WORK 


By using the values of meteorological data from Greece, we can predict the wind changes in a specific 
area of the map and the results are quite precise and reliable. Usually, typical weather models extract 
ready-to-use grids that describe a specific meteorological variable, but in our case, we needed data 
that should be taken in frequent periods (e.g. 10 minutes). If the sampling frequency of the weather 
data provided by the weather forecasts increases in the future, we can get more accurate results. 


The present finding may be helpful to Artificial Intelligence and Decision Support Systems. 
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Abstract 

Agriculture constitutes one of the most vulnerable sectors on floods impacts, the frequency and 
severity of which are expected to increase within the context of climate change. Despite the fact that 
floods’ action plans are commonly developed on national or regional level, it is important for each 
water resources “key player” within a basin to compile local and case specific action plans in order 
to increase its adaptability to the corresponding impacts and sufficiently contribute to floods 
management in the basin. This necessity is also addressed by the business-oriented water management 
certification schemes (e.g. the European Water Stewardship Standard), according to which 
management of such incidents are of major importance. 


Taking into account the above, this paper aims to introduce a simplified approach for the compilation 
of flood action plans in Farmers’ Organization (F.ORs), which constitutes a common organizational 
scheme of agricultural production in the Mediterranean. The first step is to assess the risk of: a) river 
floods, based on flood risk assessment reports developed within the context of Floods Directive by 
EU and b) flash floods, based on surface runoff potential estimated by a simplified methodology 
incorporating spatially distributed runoff curve numbers, ground slope and precipitation. The second 
step is to propose practices and actions in order to: a) contribute to basin’s flood risk reduction and 
b) mitigate the impact of flood incidents. The above mentioned methodologies are applied in the area 
of activity of a F.OR located in Crete Island, Greece. 


Keywords: floods, droughts, agricultural water management, curve number, good agricultural 
practices 


1. INTRODUCTION 


Agriculture constitutes one of the production sectors that are fully exposed and impacted from 
disasters related to climate. According to FAO (2015): a) 25% of total damage and losses related to 
climate-induced disasters are absorbed by the agriculture sector and b) for the period 2003-2013, the 
economic loss in crop and livestock production resulted from medium to large scale climate-induced 
disasters in developing countries was estimated at USD 80 billion. This evidence indicate the high 
vulnerability of agricultural sector in climate conditions and indicate not only the economic, but also 
the social impact of such disasters. Among the several climate-induced disasters, floods and droughts 
are considered the most frequent and severe. Indicatively, it is mentioned that crop and livestock 
production losses occurred after floods and droughts in developing countries is estimated at 83%. 


Considering the above, the well-organized and prompt response of agriculture sector in floods is of 
paramount importance in order to reduce the socio-economic impact of those disasters. One of the 
tools towards this way is the development of local and case specific flood action plans. The necessity 
of flood action plans has been identified by the European Commission as reflected in the relevant 
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Directives (2000/60/EC, 2007/60/EC). Moreover, business-oriented water management certification 
schemes (e.g. the European Water Stewardship Standard) according to which management of such 
incidents is of major importance, have also identified the necessity to develop such plans. Flooding 
is an issue of major concern for farmers both at field and farm level (Pivot and Martin, 2002; 
Posthumus et al, 2008).The present study aims to introduce an easily applied approach for the 
compilation of flood action plans in Farmers’ Organization (F.ORs), which constitutes a common 
organizational scheme of agricultural production in the Mediterranean. So, it is applied for Public 
Services Company of Platanias Municipality, located in Crete Island, Greece. A set of practices and 
measures are proposed in order to increase its preparedness and response level to floods, while 
establishing communication channels with the competent authorities is necessary. 


2. MATERIALS AND METHODS 


2.1 Floods action plan development methodology 

In this study, the methodological framework followed in order to establish the flood action plan is 
presented in Figure 1. Two are the main steps that each F.OR has to follow in order to compile it: a) 
identify the areas characterized by high flood risk and b) compile a flood management strategy by 
identifying actions, measures and practices that will lead to reduction of agricultural activity 
contribution to surface runoff and mitigation of the corresponding floods’ impact. There are three 
types of floods, which can potentially affect the agricultural sector: river floods, flash floods and 
coastal floods. River floods occur when river water system capacity is exceeded and therefore river 
water is not able to be channeled through the river course. Flash floods are developed from localized, 
intense rainfalls and can occur anywhere in the basin, while coastal floods constitutes the result of 
increased sea level rise caused by storm surges driven by tropical storms or strong windstorms. 
According to Morris et al (2010), flood development consists of three major components: the sources, 
the pathway and the receptor. Flood sources are the extreme rainfall events and/or the sudden snow- 
cover melt, while pathway is considered as the land and the hydrological system which transfer the 
water to the receptor. Finally, flood receptor is the area where flooding occurs. Agricultural land can 
serve either as pathway or receptor. 


With regard to river floods risk assessment, it can be based on reports, data and information developed 
within the context of Directive 2007/60/EC, since it requires heavy scientific effort, which cannot be 
maintained by a F.OR. Every EU Member State has to be conform to Directive 2007/60/EC on the 
assessment and management of flood risks and therefore useful information such as preliminary flood 
risk assessment reports and flood hazard and risk maps already produced for the most EU countries 
can be used to identify high agricultural areas of flood risk and hazard. 


With regard to flash floods risk assessment, it can be estimated by a simplified GIS-based 
methodology (Figure 2), in which meteorological and physical factors are incorporated. The 
methodology is based on the spatial determination of easily estimated or calculated parameters, 
namely Curve Number (CN), ground’s slope and rainfall. CN corresponds to an empirical parameter 
applied in hydrology for the prediction of direct runoff or infiltration from rainfall excess. The CN 
constitutes the fundamental parameter of the runoff curve number method, which was originally 
developed by USDA Soil Conservation Service (SCS) at 1954 in order to simulate direct runoff from 
agricultural fields for specific rainfall events and since then, SCS-CN method is considered as the 
most widely applied method for runoff estimation (Ajmal et al, 2015), while it has been integrated in 
a wide variety of hydrologic, erosion and water quality models (Mohammad & Adamowski 2015). 
CN is a function of soil type, land use and antecedent soil moisture conditions. Based on soil 
hydrologic group and land use, an extensive record of CN values have been estimated and proposed 
by NRCS (1986). The land use has been divided into three main categories including cultivated 
agricultural land, other agricultural land and urban areas. Based on these categories and taking into 
account the soil hydrologic group, the user can assign the appropriate CN in the study area. 
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Check preliminary flood 


risk assessment reports 
developed in the context 
of Directive 2007/60/EC . 


Identify agricultural 
areas of high flood 
risk and hazard. 


For river floods 


Check flood hazard and 
flood risk maps developed 
Perform in the context 
Flood Risk Assessment of Directive 2007/60/EC. 


Identify agricultural 
areas of high surface 
runoff potential. 


Measures to reduce surface runoff potential 


Water collection infrastructures 
Mitigate impact What to do during the flood 
of flood incidents 
What to do after the flood 


Figure 1: Diagram of floods action plan development methodology. 


Check surface runoff potential 


Fordisst lends based on the corresponding maps 


Contribute to basin's 
flood risk reduction 


Manage flood risk 


Slope is considered as one of the most influential parameters that can affect runoff. Slope gradient 
can be easily calculated in GIS software using a Digital Elevation Model (DEM) and it is expressed 
as degrees or percentage. ASTER GDEM (Tachikawa et al, 2011) is a product of NASA and METI 
and was used for the purposes of this study. Rainfall is considered as the major contributor to runoff 
due to the fact that it constitutes the water source of the runoff process. In fact it is not only the rainfall 
amount related to runoff, but also its intensity and duration. Nevertheless, in a simplistic way, the 
more precipitation that reach the ground, the more water is available for runoff. Therefore, in order 
to incorporate the rainfall component in the runoff risk assessment methodology the annual rainfall 
spatial distribution within the basin was produced by interpolation on meteorological station data with 
kriging algorithm. Since the variation range of the three components is significantly different (31-100 
for CN, 0-5% for slope, 0-1,800 mm for precipitation), it was necessary to perform a standardization 
procedure in order to obtain a common variation scale. Therefore, linear increasing fuzzy membership 
functions were applied in the three components. The variation range of the produced spatial 
distribution maps is 0-1. After the standardization process, which can be easily applied in ArcGIS 
software, the three components are summed and as a results the runoff risk assessment map is 
produced with values ranging between 0 and 3. This range was classified into five categories, ranging 
from very low to very high runoff potential (Figure 2). 
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Slope spatial distribution 
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Rainfall linear fuzzy membership function Rainfall 
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Annual rainfall data from Rainfall gradient or interpolation 


meteorological stations 


RUNOFF RISK 
0-0.6 -> Very low 
0.6-1.2 -> Low 


1.2-1.8 -> Medium 
1.8-2.4 -> High 
2.4 - 3 -> Very high 


Figure 2: Diagram of flash floods risk assessment methodology. 


Concerning flood risk management, actions, mechanisms and practices have to be identified in order 
to: 


Reduce the contribution of farms that indicate high surface runoff potential. These actions, measures 
and practices are also contributing to the mitigation of flash floods impacts both in the farm and the 
basin scale. They can be divided into two major categories including: a) measures that are applied on 
farm and aim to reduce surface runoff potential and therefore flash flood risk and b) infrastructures 
in which surface runoff can be collected and therefore flash floods impact can be mitigated, while 
these infrastructures may also contribute to mitigate river floods. 


Mitigate the impacts of river floods before their occurrence (i.e act in a preventive manner), during 
them and after them. The actions, mechanisms and practices identified in the basin’s flood risk 
management plans (in case that it is existing) which are related to F.OR activities, have to be 
incorporated into the current flood risk management plan. 


2.2 Study area 

The above described methodology is applied for Public Services Company of Platanias Municipality, 
located in Crete Island, Greece. Apart from the other activities, supporting the agricultural sector is 
one of the main duties of the company. The agricultural activity is taking place in Tavronitis 
watershed the boundaries and location of which are presented in Figure 3. As illustrated in Figure 3, 
the upper half of the watershed is dominated by agricultural land, while olives constitute the main 
crop cultivated there. The watershed covers an area of about 140 km? while the elevation varies 
between 0 and more than 1400 m amsl. According to Kourgialas et al (2015), the average annual 
precipitation for the watershed is about 665 mm, while more than 95% of the total annual precipitation 
occurs between October and May (Chartzoulakis et al, 2001). The hydrogeological regime of the 
watershed consists of karstic formations (high to moderate permeability), alluvial deposits (variable 
permeability, miocene deposits (moderate to low permeability), granular non-alluvial deposits (small 
to very small permeability) and impermeable formations. According to Kourgialas et al (2015), 
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Tavronitis watershed indicate significant surface runoff potential which is mainly attributed to the 
impermeable formations existing at the semi-mountainous part of the watershed. 
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Figure 3: Location map and agricultural areas of Tavronitis watershed. 


3. RESULTS AND DISCUSSION 


3.1 Floods risk assessment 

With regard to river floods risk assessment, it was based on the Preliminary Floods Risk Assessment 
report for Crete District (Hellenic Special Secretariat for Water 2012) as found on the website of the 
Hellenic Ministry of Environment and Energy (http://www.ypeka.gr/Default.aspx?tabid=252), as 
well as the corresponding flood risk and hazard maps (http://floods.ypeka.gr/) (Hellenic Special 
Secretariat for Water 2016). As presented in Figure 4, one high flood risk zone was identified, located 
in the northern half of Tavronitis basin, and mainly along Tavronitis main river courses. Moreover, 
four recorded historic flood events were identified in Tavronitis River basin, based on the Preliminary 
Floods Risk Assessment report, while several other flood events were found in the surrounding area. 
The major part of the high flood risk zone is covered by agricultural land, while two education 
facilities, one sport facility, two livestock farms and three water supply boreholes are included in the 
infrastructures that can potentially be affected by a river flood in Tavronitis basin. With regard to the 
population affected three settlements of less than 500 inhabitants each are identified. For recurrence 
periods of 50 and 100 years, potential flood impact is predicted to be low or very low. Even for 
recurrence interval of 1000 years, potential flood impact can be overall considered as low, except 
from the northern part of the basin in which a moderate impact zone is identified and Voukolies 
village in which a high impact zone is foreseen. According to the above, river floods risk for the 
agricultural sector in Tavronitis basin is not high and it is concentrated to specific areas which cover 
a small part of agricultural areas in the basin. 
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Figure 4: High flood risk areas and historic floods in Tavronitis basin, as identified in the 
Hellenic Preliminary Floods Risk Assessment report. 


With regard to flash flood risk assessment, the results of surface runoff potential estimation are 
presented in Figure 5. The average runoff potential for all agricultural areas ranged from moderate to 
high. The lowest average runoff potential was calculated for fruit trees and berry plantations (1.59- 
moderate), while the highest runoff potential was calculated for land principally occupied by 
agriculture, with significant areas of natural vegetation (2.52-very high). Especially for olive groves, 
which constitute the dominant land cover for Tavronitis basin (32.34%), the average runoff potential 
was 2.06 and it is considered as high, while the corresponding range of variation was 0.88 (low) — 
2.75 (very high), thus indicating a significant degree of runoff potential variation. Considering the 
above, it can be concluded that overall the contribution of the agriculture activity developed in 
Tavronitis basin to the development of flash floods is moderate to high, and this is mainly attributed 
to significant rainfalls experienced in the southern part of the basin and to the steep slopes of the 
topographic relief. 


3.2 Floods risk management 


3.2.1 Reducing farms contribution to floods 

The actions presented below aim to contribute to surface runoff potential reduction and therefore to 
directly reduce the contribution of agricultural activity to flash floods. The direct reduction of flash 
floods may reduce (depending on the incident) the contribution of agricultural activity to river floods. 
A wide range of practices are proposed in the literature which aim to contribute to surface runoff 
reduction from crop covered land. The actions practices and measures presented below are chosen 
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from the pool of practices that are to be implemented in the context of the project as well as other 
actions applicable to the specific case of Tavronitis basin. 
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Figure 5: Spatial distribution of runoff potential score and classes in Platanias basin. 


The practices implemented and tested within the context of LIFE AgroClimaWater project that 
directly or indirectly contribute to surface runoff potential reduction are the following: 


No weed control: According to this practice, natural vegetation is preserved during the wet season. 
Therefore, soil is covered during the rainy season resulting in surface runoff potential decrease. This 
practice is similar to the establishment of cover crops. 

No soil tillage: Despite the fact that this practice was incorporated with a view to reduce evaporation 
losses, according to Aina (1993) other benefits such as storm runoff reduction and improved 
infiltration capacity can be expected by its application. 

Physical reduction of surface runoff: Surface runoff can be reduced by introducing physical materials 
along the contour lines. 

Other practices and measures that are well known to be effective in reducing surface runoff potential 
from the farms are the following: 


Conservation buffers: This practice includes the development and/or maintenance of small areas or 
strips of permanent vegetation. There are several versions of this practice applied such as riparian 
buffers, filter strips and grassed waterways. 

Avoidance of vehicle movements and wheel ruts on wet soil. 

Avoidance to the best possible degree, of heavy machinery use within the farm. Heavy machines are 
contributing to soil compaction, which reduces water infiltration capacity thus increasing surface 
runoff potential. 

Water collection infrastructures can also contribute to flood impacts mitigation and serve as water 
saving infrastructures that will provide water during the peak water demand periods. The F.OR has 
to upgrade and maintain collaboration with the local authorities and mainly with the local Technical 
Services Division and the Water Directorate, Decentralized Administration of Crete in order to 
perform a feasibility study for the construction of water collection infrastructures and identify 
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potential funding tools such as the National Strategic Reference Framework (NSRF). With regard to 
Tavronitis basin, Kourgialas et al. (2015) applied a hydrologic model and indicated several possible 
locations for the construction of small hydraulic structures (dam and/or reservoir). 


3.2.2 Actions before the flood 

Two set of actions are proposed to be taken when a flood incident is expected to occur in order to 
ensure sufficient preparation for the flood. The first set of actions is related to actions that can be 
taken by the F.OR. The F.OR has to establish a communication channel with the local authorities in 
order to be informed when a flood event is expected to occur, which in our case are the Independent 
Civil Protection Offices and Fire Stations. Moreover, the F.OR can maintain a list of available 
member farmers’ machinery that can be set at the disposal of the authorities to serve during the flood 
and/or alleviate its impacts. This list that is originally drawn and maintained by the F.OR 
administration, is notified to the Independent Civil Protection Office. As a second step, the F.OR has 
to establish a second communication channel with its farmers-members in order to inform them about 
the expected flood incident. 


A second set of actions that can be applied by the farmers has to be established and communicated to 
them. This set includes practical directions easily understood and applied by the farms such as: 


Avoid applying fertilizers and plant protection products prior to the flood, since the possibility for 
water bodies’ pollution from runoff or leaching is high. 

In case that electricity supply is available in the farm, the farmers has to be sure that it is turned off 
and secured. 

In case that a groundwater pumping well or borehole exists in or near the farm, it has to be sealed 
properly in order to avoid runoff water entering through the annulus. 

A list of the existing on-farm machinery and equipment has to be drawn. 

The farmer has to be sure that potentially hazardous substances, such as fertilizers, plant protection 
products and fuels are not exposed in the farm. These should be securely stored in appropriate 
infrastructure at the field or removed to such a place off the farm. 

The farmer has to secure or remove heavy/hazardous equipment and machinery from the farm. 


3.2.3 Actions during the flood 

A set of actions can be taken in order to ensure sufficient preparation for the flood. The F.OR has to 
get informed about the flood status. Therefore, the F.OR has to stay in touch with the local authorities 
(e.g. the Independent Civil Protection Office and Fire Station) and report the availability of FOR 
member farmers’ machinery to help in case this is needed. Information about flood status can be also 
retrieved by the local media. Moreover, it has to be clearly stated to the farmers that it is very critical 
to avoid being on the farm or any other exposed location during the flood, to find a safe place to stay 
and do move without any specific scope and finally to avoid using flooded bridges or river/creek 
passages. 


3.2.4 Actions after the flood 

The set of actions that could be taken after the flood can be divided into those that can be implemented 
by the F.OR and those that can be applied by the farmers. Concerning the F.OR actions, it has to get 
informed about the impacts of the flood and follow the directions of local Independent Civil 
Protection Office and Fire Station. Also the F.OR has to communicate with the local Department of 
Rural Economy and Veterinary Prefecture since it is responsible for providing information of farmers 
for the protection of agricultural properties according to the Preliminary Flood Risk Assessment 
report (Hellenic Special Water Secretariat 2012). As a next step, the FLOR has to communicate the 
information to the farmers and ask farmers if fertilizers of plant protection products have been applied 
in the farm before the flood and relay this information to the Water Directorate of the District. 


With regard to the actions that can be applied by the farmers, the following are proposed: 
Be careful when trying to approach your farm in order to avoid injury. 
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Compare the list of your equipment compiled before flood in order to identify damages or losses. 
Check the overall status of your farm before and after the flood. 

Stay in touch with the F.OR in order to guide you for the next steps. 

In case that fertilizers of plant protection products have been applied in the farm before the flood, 
communicate this information to the FOR. 

Report loss of any agrochemical, piece of equipment or machinery and any changes to the soil cover 
at your farm. 

The most significant impacts of floods in a farm are deposition of sediment of productive land, 
agricultural soil erosion and soil nutrient losses. In order to mitigate the above mentioned impacts the 
following practices could be applied by the farmers: 


Try to incorporate the sediment excess into the field by tillage. In case that this is not feasible the 
sediment has to be removed from the farm and disposed off in a designated site. By no means should 
this sediment be disposed off next to the course of a creek, torrent or river. 

Try to rehabilitate soil erosion with appropriate tillage. In case that this is not feasible, try to fill the 
erosion gaps with material from other sites. Take all precautions to use appropriate soil for this 
purpose (adjacent site, consult an agronomist, etc). 

Check the nutrient concentrations of the soil in the farm and properly adjust. Cover crops application 
has been found to significantly contribute to soil recovery after flooding. 


4. CONCLUSIONS 


Although a task of high scientific resources demand, usually organized in regional or national level, 
the results of the present study indicate that flood action plans can be compiled in smaller scales, such 
as this of Farmers Organization. This can be accomplished by: 


gathering existing data from the relevant documents and maps developed in the context of Floods 
Directive by EU, 

implementing simplified methodologies based on GIS technology and 

gathering well-established measures and practices that can contribute to floods’ risk management and 
impact mitigation. 

It is expected that the compilation and implementation of such action plans can significantly 
contribute to floods impact preparedness and response level in the basin scale, since stakeholders and 
groups of water users are more actively involved in floods risk and impact management and 
mitigation, while the tailor-made action plans maximize the potential of action plans implementation. 


With regard to application of the proposed methodology in Tavronitis basin, the results indicated that 
despite the fact that river floods risk and impact is mild, flash flood risk is high in a significant part 
of agricultural areas. A set of practices and measures easily applied are proposed in order to increase 
its preparedness and response level to floods, while establishing communication channels with the 
competent authorities is considered as necessary. 
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Abstract 

In a lake ecosystem environment or a reservoir system, the knowledge of some basic parameters, such 
as the morphometry of the lake, the basin and the distribution of physical, chemical and biological 
parameters is very crucial. The determination of these parameters is fundamental in the 
implementation of a management plan for the protection and restoration of lakes and reservoirs. This 
paper investigates modern mapping technologies such as GNSS/GPS and sonar systems, for the 
estimation of morphometric parameters, as the bottom relief, the hypsographic curves, the volume- 
heights tables and also the calculation of the deposition rate of sediments in a reservoir. The latter is 
a particularly critical problem in reservoirs where hydroelectric plants operate. At the same time, the 
paper examines a mapping method, alternative to traditional techniques, faster and significantly more 
economical, making a management plan viable. It is the method of satellite bathymetry, which is 
based on the extraction of depths, using information from the spectral bands, of a satellite image. For 
this purpose, the multi-spectral image of the Worldview-2 satellite is being used. In both mapping 
techniques (hydrography and satellite bathymetry), all the necessary reliability checks are 
implemented and the comparison between them, lead to conclusions about the use and applicability 
of each method. The Kerkini reservoir is the case study, where all these methods and techniques are 
applied. The aim of this paper is to describe and propose reliable mapping techniques that contribute 
to the efficient management of water systems such as the Kerkini reservoir. 


Keywords: Morphometry, GNSS/GPS, satellite bathymetry, reservoir management 
1. INTRODUCTION 


In the guidance manuals for lake and reservoir restoration (Olem & Flock, 1990), the calculation of 
basic morphometric parameters such as depth, area, volume, shoreline length and other important 
elements, that can characterize the ecological value of the water body, is fundamental. The water 
quality variables and aquatic organisms (Stefanidis & Papastergiadou, 2012) are also of prime 
concern. Moreover, many researchers have highlighted the relationship between the morphometry 
and other variables, such as fish production, benthic communities, sedimentation, stratification, and 
other (Hakanson, 2005a; Hakanson, 2005b). In our case study, the Kerkini reservoir is a sensitive 
ecosystem whose overall status is characterized as "Incomplete" according to the River Basin 
Management Plan of the Eastern Macedonia Water Basin (EL11) (Antonaropoulos, 2017). In 
addition, no methods and techniques are described for optimal monitoring morphometry of the 
reservoir. 


In the first part of the study, modern hydrographic techniques are used, such as the GNSS/GPS 
systems and a topographical precision single beam sonar, for the determination of a) lake 
morphometry and b) deposition rate of sediments, contributing to the overall assessment of ecological 
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status of the reservoir (Gasiorowski, 2008). In the second part of the paper, the hydrographic method 
is compared to the alternative method of satellite bathymetry, using the Worldview-2 satellite image, 
with 2m spatial resolution and 8 spectral bands. The method of satellite bathymetry, investigates 
which bands of the image have the least water absorption, or in other words which bands are most 
suited for mapping the bottom (Philpot, 1989; Chang, 2011). For this purpose, two models are 
examined, a) the Stumpf algorithm and b) a model of multiple linear regression (Dierssen et al, 2003). 
The case study area for this work is the reservoir of lake Kerkini, at the Lake Kerkini National Park, 
located in the northern western part of the prefecture of Serres, in the Region of Central Macedonia, 
in Greece (Figure 1). 


rr 


Peret 


2. HYDROGRAPHY OF KERKINI RESERVOIR 


2.1 Methodology 

The hydrographic process involved four steps: a) preparing the measurements, b) collecting data, c) 
processing and finally d) analyzing the observations. During the first stage, the design of 
measurements, calibration and control of measuring instruments (GNSS/GPS system + sonar) was 
implemented. For this purpose, stainless steel structures were designed and constructed for both the 
stabilization of instruments on the vessel (Figure 2) and their calibration. After all the necessary tests, 
the hydrographic measurements were carried out. 


Figure 2. Mounting pole with survey instruments on the surveying vessel 
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For the mapping of Kerkini reservoir, the RTK GNSS/GPS method was used (Figure 3), in 
conjunction with the depth measurements from echo sounder, while the contribution of the Network 
RTK method of Virtual Reference Station (VRS) was investigated. (Henning, 2008; El-mowafy, 
2012; Mageed, 2013). The mapping datum of the project was the Greek Geodetic Reference System 
of 1987 (GGRS '87). The overall period of hydrographic measurements lasted from 29/05/2014 until 
11/07/2014 (Figure 4). 


Figure 3. Schema of RTK measurements Figure 4. Final hydrographic and topographic 
measurements at Kerkini reservoir 


The mapping statistics of the Lake Kerkini were as follows: 
e 17 days of hydrography 
e 3 days of additional topographic measurements 
e Total Points: 87271 
e Total route length: 445.58Km 
e Average hydrographic speed of the vessel: 6.19Km/h 
e Total working hours: 69h 14m 30sec 


A quality assessment of the GNSS/GPS observations from hydrographic measurements was then 
followed. The last step was the "data cleaning" process and the selection of the interpolation method, 
for the creation of bathymetric model (Figure 5). 


For the external accuracy control of the bathymetric model, ten (10) points were topographically 
measured with the RTK GNSS/GPS technique, well distributed in the revealed delta, during the 
lowest water level season. Their elevations were then compared, with the corresponding elevations 
of the model. After the completion of the external control, morphometric data were produced, such 
as the bottom relief, volumetric tables, hypsographic curves, etc. (Figures 5, 6). 
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Figure 5. Bathymetry model of Kerkini reservoir with contour interval = 0.5m (pixel 
size=20x20m) 
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Figure 6. Hypsographic curves of Kerkini reservoir 


2.2 Sedimentation rate 

Another study, very significant for monitoring the reservoir storage and also for the smooth operation 
of hydroelectric plants at dams, was the determination of the deposition rate of sediments. It is noted 
that a hydroelectric plant is operating at a close distance from Kerkini Dam. In order to draw 
conclusions about the deposition rate at Kerkini reservoir, volumetric tables were used from earlier 
mapping projects of Kerkini in 1984 and older. Comparing the volumes, a decrease in the deposition 
rate of the reservoir was recorded, for the period of thirty years (1984-2014), equal to 683x10? m*/yr. 
Combining older data, from the early years of construction and operation of the reservoir in 1933 
(Psilobikos et al, 1994), the decline trend of the deposition rate can be observed for over all these 
years, up to the last mapping in 2014 (Figure 7). It should be noted, however, that any calculations, 
such as volumes and changing rates of volumes, must be accompanied by their respective 
uncertainties, since the accuracy and specifications of the work and the instruments used in each 
mapping project are not always known (Dorst, 2004; Wilson L & Richards M, 2006; Czuba et al, 
2012; Tsolakidis, 2017). 
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Figure 7.Deposition rate from 1933 to 2014 at Kerkini reservoir 
3. SATELLITE BATHYMETRY OF LAKE KERKINI 


3.1 Methodology 

The next step was the implementation of satellite bathymetry for extracting the depths of Lake 
Kerkini. Satellite bathymetry is a more economical method for studying the morphology of water 
bodies, which under conditions, might replace more traditional techniques, due to increasing spatial 
and spectral resolution of new satellites. This method, which belongs to passive remote sensing 
methods, attempts to replace the calculation of scattering and absorption coefficients at each point 
with regression models using known depths and spectral values (Lyzenga, 1978; Stumpf & Pennock, 
1989; Stumpf et al, 2003). Finally, two models were tested, a) the Stumpf linear model (Equation 1), 
which is suitable for low reflectance bottoms and b) the model of Multiple Linear Regression 
(Equation 2). The available captured date of the image used for satellite bathymetry, was 08/08/2014, 
few days after the completion of hydrographic measurements. 


In(nRuw(d1)) 
z = mı X (==) — mo 


In (nR., (A2)) (1) 


Where: 
e zis the depth 
e mj, mo are the addition and offset to adapt the results of the algorithm to the depth, respectively 


Ryw(A1), Rw (Az) the values of the pixels in the bands A; and Az, respectively 


j= ao + a, X] + a2 X92 + we + vee Ge (2) 


Where: 
e zis the depth 
e a0, al, a2, ..., an are the coefficients of the multiple regression 


e Xi, X2,..., Xn are the linearized values of the pixels of the satellite image, 11, A2, ..., An, respectively 
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For practical reasons, the Stumpf model will be referred to as model 1 and the model of the multiple 
regression as model 2. 


3.2 Worldview-2 satellite image processing 

All the necessary calibrations and corrections (geometric, atmospheric etc) were performed on the 
Worldview-2 satellite image (Figure 8), in order to compute the water leaving radiance. The last step 
was to apply a mask to the image, so that only the "wet" pixels (lakes, rivers) remain. The resulting 
final image (Figure 9) was used to apply and evaluate the bathymetric models. 


For the implementation of model 1, the Coastal and Yellow bands of the Worldview-2 final image 
(Figure 8) were used, while all the bands were involved in model 2. The coefficients of the linear 
regression were then calculated and the two models compared, based on the criterion of the largest 
R°. The equation applied to the Worldview-2 image (Figure 9) was the one of multiple linear 
regression (Equation 3). 


yn oY 


EA 
Figure 8. Multispectral image of Figure 9. Final image of "wet" pixels at 
Worldview-2 satellite before any correction Kerkini reservoir after all corrections 
(R=6,G=3,B=2) (R=5,G=3,B=2) 
Z = 83.694 — 6.4314X, — 2.7718 X3 + 4.7243 X3 — 5.3607 X; — 6.4147 X5 (3) 


+2.7699X6 — 1.0949.X7 — 2.0323 X3 


The last step was the accuracy control of the bathymetric model, obtained by the method of satellite 
bathymetry. For this purpose the difference image technique was applied (Williams, 2012). The result 
of satellite bathymetry was subtracted from the model that resulted from the hydrography. Then, 
based on the difference image (Figure 10), the difference diagram was calculated, according to 
specific depth ranges. From the study of the diagram of Figure 11, it appears that a percentage of 
63.03% of the pixels of the two models have a difference ranging from 0 to 50cm. 
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Figure 10. Difference image from hydrography and satellite bathymetry 
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Figure 11. Percentage of pixels per depth range from difference image 


4. DISCUSSION AND CONCLUSIONS 


In this paper, the application of modern mapping technologies and methods (GNSS/GPS and sonar) 
for the extraction of reliable morphometric parameters of Kerkini reservoir, aiming to the efficient 
management of the water body was presented. In addition, it was investigated whether an alternative 
technique such as satellite bathymetry, could replace more traditional mapping techniques and reduce 
the final cost. 


From the hydrographic results, it has been shown that the use of RTK GNSS/GPS and sonar systems 
is indicated, for an efficient and accurate mapping of large reservoirs. For Kerkini, it should be noted 
that any future mapping should follow modern methods (continuous semi automated) rather than 
classical ones (manual point by point). In addition, the applied system can provide satisfactory 
accuracy in calculating the bottom elevation. With the RTK GNSS/GPS method, this accuracy 
decreases as the vessel moves away from the permanent GNSS station. Using the network method of 
VRS, this problem is solved. Regarding the changing rate of the volume at the Kerkini reservoir, a 
continuous decrease in the deposition rate was observed until 2014. However, it is crucial to mention 
that in such applications, the knowledge of methods and accuracy of hydrographic projects is 
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prerequisite. The extraction of important morphometric data, such as volumetric tables etc, is based 
on their reliability. Comparison between volumes of different years, produced by different 
instruments and other specifications, should be carefully considered, taking into account relevant 
uncertainties, in order to draw safe conclusions. 


With regard to satellite bathymetry, it has emerged that the model of multiple linear regression leads 
to better results than the Stumpf model. The most important band variables, from the Worldview-2 
satellite, which contributed most to the depth extraction model, were Green and Red. However, the 
results in a bathymetric model and their interpretation are directly dependent upon the clarity of water 
and the atmospheric conditions that affect the image captured by the satellite. Concerning the 
comparison of the model of the satellite bathymetry with the hydrographic model, it was found that 
the majority of the pixels of the difference image (63.03%), had a difference ranging from 0 to 50cm. 
The precision tolerance of the satellite bathymetry, for 63.03% of the bottom pixels, has a mean value 
of +25cm, if the hydrography is considered as a reference surface. For the other pixels, this value is 
increased. 


In general, the adoption of a method, in the extraction of morphometric parameters, depends on the 
instruments and data available, the environmental and atmospheric conditions and the estimated 
budget. In low-budget cases, where the morphometry of a reservoir is selected to be studied with 
passive remote sensing methods, a distinction should be made between water status, turbidity and 
atmospheric factors, because they are all affecting the reliability of satellite bathymetry. In cases of 
low turbidity (typically<10 NTU), satellite bathymetry can be used with greater reliability, always in 
conjunction with on-site depth measurements, which will calibrate the bathymetry model. In addition, 
by using free data from Sentinel missions, with high temporal, spatial and spectral analysis, the total 
cost is dramatically reduced. In cases of high turbidity of reservoirs such as Kerkini, the method to 
be applied depends on the precision requirements of the application. For extracting bottom elevations 
and assessing the changing rate in volume, where the specifications on accuracy are strict, the 
hydrographic method is considered more appropriate. However, as shown in Figure 10, satellite 
bathymetry has yielded satisfactory results across the depth range of the lake. The average accuracy 
of +25cm refers to both the low depths and the high ones. With a more appropriate date of image 
selection and at a period with less turbidity in the reservoir, the percentage of the difference pixels, 
ranging from 0 to 50cm, is estimated to increase over 85%, leading in more encouraging results about 
the use of the method. 
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Abstract 

Poor hydrogeological conceptualisation can have adverse effects on the accurate representation of 
flow processes simulated by numerical models. This work explores the idea of conceptual model 
building in complex settings with limited spatiotemporal information supply. The case study of the 
eastern coastal aquifer in the Axios Delta area is examined, where ecological, irrigation and urban 
water supply demands exert pressure on local water resources. The water demands are covered by the 
exploitation of surface water and groundwater resulting in a decrease in river flow over the last 
decades and the salinization of Axios Delta area. The Delta is currently under the environmental 
responsibility of numerous agencies which have available data according to their specific activities. 
A detailed step-by-step data collection was performed including lithological profiles, water level 
measurements, river abstractions, climatological data, geological and geomorphological maps. In this 
context, a conceptual model accounting for surface-subsurface interactions, recharge processes and 
human interventions is developed to support hydrogeological modelling for evaluating risk of 
saltwater intrusion and long-term sustainability of the ecosystem under climate change scenarios. 
Further uncertainty is introduced by the complex nature of the deltaic deposits. Confidence in the 
conceptual model is discussed and how it propagates through to the simulation predictions. The 
numerical model will inform systematic monitoring recommendations on an ease-of-implementation 
basis to improve confidence. This can have implications on improving the understanding and overall 
resilience of the deltaic ecosystem resource as supported by international policies. The establishment 
of the hydrogeological conceptual model in this area could be the base of an integrated monitoring 
plan, which is essential for a rational water management in the coastal zone. 


Keywords: Coastal zone; Conceptual modelling; Hydrogeological model; Uncertainty management; 
Saltwater intrusion; Climate change 


1. INTRODUCTION 


Numerical simulation modeling has become the standard methodology in industry and academia in 
the effort of analysing hydrological and hydrogeological processes. This has become possible thanks 
to advanced commercial/research simulation engines that are supported by affordable, significant 
computational power. It is critical that these computational models are based on a sound conceptual 
model (Anderson et al., 2015). Good conceptual understanding requires data that are obtained in 
strategically selected spatiotemporal scales. Only then computational models can become useful tools 
to test the conceptual model, be calibrated to a set of observations and finally used to make future 
predictions as, for instance, on the impact of anthropogenic activities, specific policies or those of 
climate change (Middelkoop et al., 2001). It can be conceived as a three-step iterative methodology: 
(i) information collection, (ii) conceptual model building, and finally (iii) computational model 
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construction, calibration and predictive simulations. There is an iteration between these three steps 
depending on the confidence to the results. 


Though hydrological or hydrogeological applications can vary in scale or purpose, the framework 
remains broadly the same. For instance, flood modeling requires detailed terrain observations and 
hydrological inputs over a catchment scale (Komi et al., 2017). This information is used to 
conceptually understand the behavior of the catchment and supports models to understand the key 
factors contributing to flood risk. Models can then be used to predict the impact that hard or soft flood 
alleviation engineering measures can have (Roger Few, 2003). Other basin models exist that focus 
on water resources management and planning. In this case, the information required is not focused 
on extreme events, rather is meant to provide accurate water balance to inform decision making 
around usage and allocation (Berhe et al., 2013). With regards to the development of groundwater 
models, the conceptual model understanding requires knowledge on aquifer characteristics, such as 
geometry, type, boundary conditions and thickness, aquifer properties (i.e. hydraulic conductivity, 
storativity) and piezometric information as well as on recharge and discharge rates (Ye et al., 2010). 
Groundwater interactions with surface water features (lakes, rivers), or the sea for a coastal aquifer, 
define boundary conditions that influence subsurface flows. 


The number of observations that are used for calibration of these models range across different spatial 
scales (rainfall, head) and extrapolation is always applied. The density of the information network 
will depend on the complexity of the study area, economics, as well as the spatial and temporal scale 
at which the problems is explored. Depending on the nature of the particular study, seasonal 
variability due to rainfall, exchange with surface water bodies or well abstractions is doomed less 
important and the impact of these processes on the model can be dampened (Sutanudjaja et al., 2011). 
On the other hand, when studying saltwater intrusion in a coastal aquifer or the mixing between waters 
of different salinity such information becomes critical. Furthermore, as variable density will affect 
flow dynamics, the computational model needs to account for mass transfer phenomena (Bear et al., 
2013). Thus, geochemical information is also required. 


The iterative process of information collection and use in conceptual model building and simulation 
model calibration is summarised in Figure 1. When there is sufficient confidence on the conceptual 
model, based on the agreement between the numerical model and the observations, then the iteration 
process is deemed complete. 


(1) Data & 
Information 


(3) Numerical (2) Conceptual 
model calibration model building 


Figure 1. Iterative process of information collection, its use to construct a conceptual model 
and calibrate the numerical model. 
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The breadth of applications clearly demonstrates the need to work across different scales where 
catchments include different users and have physical complexity: decision-making regarding water 
allocation can be modelled on the regional scale but can have impacts on sensitive ecosystems and 
aquifers on a local scale. This is a well-known persisting challenge that policies for Integrated Water 
Resource Management (IWRM) aim to address (Ingold et al., 2016). How data are collected to 
supplement models and decision-making by stakeholders across different scales is the focus of this 
paper. This is explored for the case of Axios Delta and its coastal aquifer. It is intended to build a 
conceptual model using information collected by public and private organisations involved in a 
variety of sectors and activities. This conceptual model will serve as the basis for a numerical 
simulation model that will support the hydrogeological understanding of the aquifer. 
Recommendations are made for new information requirements that will increase the confidence of 
the conceptualisation and modeling response. Ultimately, this modeling tool will be used to produce 
recommendations for the protection of the aquifer from climate change and anthropogenic threats. 


2. CASE STUDY AREA 


2.1 Geography 

The Axios River Delta is located on the coast of Northern Greece where Axios River discharges into 
the Mediterranean Sea in the Gulf of Thermaikos. The Delta is formed at the confluence of four rivers, 
namely Aliakmonas, Loudias, Axios and Gallikos from west to east. Aliakmonas contributes 
significant flows to the delta. Axios is a transboundary river shared between FYROM and Greece. Its 
catchment has an area of 24,437 Km?, with about 12% of this area in the Greek territory. Though an 
agreement on river flow management and coordination was established between the two countries in 
1959 (Global Water Partnership, 2012), no formal agreement is practically active today. Like Greece, 
FYROM makes abstractions from the river for agricultural use. This has resulted in uncertain flows 
reaching across the border depending on upstream abstractions requirements and climatic conditions. 
Within the Greek territory, most abstractions take place at the mouth of the river as water intensive 
rice paddy fields cover the largest part of the deltaic valley. Groundwater abstractions on its eastern 
part take place to cover urban demands, primarily during drought condition when the alternative 
major sources of water supply for the city of Thessaloniki are under pressure (EY ATH, 2018). At the 
same time, quality of transboundary surface water and groundwater is moderate due to nitrate 
contamination, metal pollution, wastewater discharges and solid dumping (Karageorgis et al., 2005; 
Milovanovic, 2007). 


Axios Delta comprises a National Park since 2009 (Axios-Loudias-Aliakmonas Management 
Authority, 2018), has significant biodiversity value and offers extensive ecosystem services 
supported by the ecological flow (Hadjicharalambous et al., 2015), i.e. maintaining the functions of 
this ecosystem depends on the supply of sufficient water quantity of good quality. It is critically 
important to consider the aquifer’s regime in an Integrated Water Resource Management Plan 
especially when a strong interaction between groundwater and surface waters occurs. 


Climate is transitional continental to Mediterranean on the Koppen-Geiger classification (Bear-ID 
Novatek, 2016; Kotinis-Zambakas et al., 1984). The mean annual precipitation is 443 mm, as 
calculated from a continuous rainfall record in the area (Chalastra Station, 1974-2004) (Grimpylakos 
et al., 2016) though recent years have seen higher precipitation. 


2.2 Geology and Hydrogeology 

The Axios catchment spans a range of geological formations and with complex geotectonical 
structure. The mountainous part of the catchment comprises of schists, gneiss, ultramafic rocks and 
granites as wells as carbonate rocks such as limestones and dolomites. Neogene and Quaternary 
sediments are located in lowlands of the basin. In this study we focused on the sedimentary formation 
in the boundaries of the model domain (Figure 2). Holocene deposits dominate in the study area 
consisting of coastal deposits (gravel and sand), red clay with calcareous concretionary bodies, while 
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in the base the conglomerates dominate. Sand accumulations occur along the Axios river bed. Coarse 
materials of pebbles and sand of small thickness occur in the northwestern part of the study area. In 
the northern west part Neogene formation of sand and loose conglomerates of great thickness in 
alternation with cohesive conglomerates and sandstones are placed. In the Northern east part of the 
study area the red clay series consisting of red to brick red silty clays with mica and calcareous 
concretionary bodies are located. The hydrogeological units can be distinguished based on the 
geological formations of the quaternary and Neogene porous aquifers (Figure 2). The area of interest 
is located in the quaternary formations and the aquifers are under unconfined and semi-confined 
conditions. Groundwater flow direction is from the Northern part to the coast, while a strong 
interaction occurs between the Rivers of Axios and Gallikos with the unconfined aquifer. The aquifer 
is recharged by Axios River during the entire hydrological year, while Gallikos River has seasonal 
flow recharging the aquifer during the winter period. However, the interaction between the Gallikos 
River and the upper aquifer is under consideration. The deeper aquifers are recharged from margins 
of the basin as well as the leaks of the upper aquifer. 


2.3 Water Management 

Water management for the protection of the Delta is addressed in the Integrated Water Management 
Plan for the catchment of Axios, along with plans for other catchments in the Central Macedonia 
Region (Ministry of Environment and Energy, 2014). The plan identifies as pressures to the broader 
Delta area (1) the relatively small extent (3.3%) of urbanisation, (ii) the diversion of flows from the 
River, (iii) the drainage of flows from Artzan and Amatobou to Axios River. With regard to the Delta, 
the second intervention is the most significant. As shown in Table 1, the total abstraction at the Axios 
Delta area amount to an annual 432,300,000 m°. Agricultural activities at the eastern section are 
responsible for 50% of these extractions. Regarding the objectives set out in the Water Framework 
Directive 2000/60, according to the Management Plan, the area is deemed likely not to meet them. 
The key reasons are contamination from Loudias and the Deltaic Area (industrial/agro-industrial 
waste, cattle farming, agricultural waste). 


With respect to subsurface water bodies, the Management Plan pulls current knowledge (up to 2014) 
of groundwater quality from different studies. A surface phreatic aquifer spreads across Axios Valley 
(from Axioupoli to the Delta area), with a variable depth. This system is fed through interaction with 
the surface and directly by the river. Well abstractions in the central part of the valley have caused a 
significant drop in the local water table which is now below sea level. This causes concerns for 
seawater intrusion. However, the surface irrigation of the rice fields in the delta area acts as a 
hydraulic barrier. The effectiveness of this mechanism is not clear (AUTH & YETOS consultants, 
2010). In the same study, historical precipitation and flow conditions (potentially indicating a 
drought) have been analysed based on the Standardised Precipitation Index (SPI) and Standardised 
Runoff Index (SRD (Angelidis et al., 2012). Significant water stress periods have been detected for 
four years between 1984-1992. An action plan is in place for drought emergencies and it includes 
strategic drought prevention/precautionary measures, operational measures (water uses 
prioritization), organisational and monitoring measures (European Commission - EuropeAid Co- 
operation Office, 2007). Operational measures include, among others, the increased use of 
groundwater, the protection of protected wetlands, the increased abstraction from rivers near 
discharge to the sea by relaxation of environmental flow regulation and the interruption of irrigation 
to water-demanding crops. In the aforementioned measures a trade-off is necessary for the case of 
Axios delta: the use of groundwater will affect the delta ecosystem. At the same time, the permitted 
abstraction from the delta region will affect the protected zone. Post-drought measures include water 
allocation to support ecosystem recovery. Droughts can also induce sea-water intrusion (Kouzana et 
al., 2009). Depending on the local geochemistry this process can be near to irreversible (Han et al., 
2015) but this has not been recognised in the Management Plan (Ministry of Environment and Energy, 
2014). 
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Figure 2. Conceptual model boundaries and hydrogeological units to be considered. Axios and 
Gallikos rivers form the west and east boundaries respectively. 


3. CONCEPTUAL MODEL 


Potential impacts of climate change to the regional climate may lead to: (1) changes of rainfall patterns 
both in terms of absolute total annual rainfall or seasonal variability with an increase of extreme 
events, (ii) temperature changes altering evapotranspiration patterns and irrigation requirements (iii) 
changes in river flows, and (iv) increased sea levels which can have a significant effect on the deltaic 
area and the coastal aquifer. Such climate change impacts are non-uniform across Europe. Projections 
have been attempted based on climate models and downscaling processes, while researchers have 
been attempting to provide impact envelopes for projections (Gampe et al., 2016; Kontogianni et al., 
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2014; Marcos-Garcia et al., 2017; Masciopinto & Liso, 2016). These projections can inform scenario 
formulations of predictive simulations using hydrogeological flow/mass-transfer models. 


At the same time, anthropogenic interactions with water resources, such as the excessive exploitation 
of groundwater in the central Axios valley, can further increase risks to the subsurface water systems. 
These risks combined make a risk analysis necessary for the subsurface system of Axios Delta and 
estuary; the conceptual model presented here is the first step for this analysis. This model will inform 
a hydrogeological flow/mass-transfer models. 


Table 1. Average annual abstractions from Axios River at different locations in the wider 
Delta Area. (source: Ministry of Environment and Energy, 2015). 


Location Annual Volume (103m?/year) 


Ag. Athanasios (east) 88,232 
Nea Magnisia (east) 6,488 


Chalastra-Kalochori (east) 119,949 


Brahias 40,180 
Koufalia 4,570 
Malgara 74,343 
Monastiri 65,901 
Chalkidona 32,637 
Delta Total = 432,300 
Delta East = 214,669 


Abstractions Ratio (East/Total)% 49.7 


The biophysical processes which comprise the components of the subsurface-surface interactions are 
shown in Figure 3. Based on the hydrogeological information presented in Section 2, two aquifers 
are conceptualized at this stage. Their thickness is variable and there are potentially other local-scale 
aquifer units. However, due to lack of detailed information no further compartmentalization is 
considered. Axios and Gallikos Rivers form the west and east boundaries of the area were also 
considered. On the north of the modelled area, two hydrogeological units are conceptualized, namely 
sand and loose conglomerates and red clay series. 


Sand& loose Groundwater Red Clays 
Conglomerates Flows to Aquifer Series 
Irrigation ep Rainfall Deep Well 


| Infiltration Abstractions 


River-Delta 
transfers 


River-Delta 


(Recirculation \, transfers 


rower Aquifer ` 


Dral 
Flow to Sea ai Seawater Flow to Sea 
to Sea Intrusion 


Figure 3. Water fluxes among various conceptual model components. 


Moreover, as shown in Figure 2, the boundaries of the conceptual model are marginally narrower 
than the area of interest. The reason for this selection is that no information is currently available to 
support a wider domain definition. The processes taking place in the domain include: upper aquifer 
exchanges with Axios River (the direction of this flow is predominantly from Axios to the aquifer), 
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similar exchanges between the aquifer and Gallikos River, flows from the upper to the lower aquifer, 
groundwater flows from the Hydrogeological Units of sand and loose conglomerates and red clay 
series to the two aquifers, net deep-infiltration to the upper phreatic aquifer as a function of rainfall, 
irrigation, water recirculation and evapotranspiration, river discharges to the sea, aquifer groundwater 
discharge to the sea, well abstractions and seawater intrusion to the aquifers. The dynamics between 
the latter three processes will be the subject for further characterisation in the numerical model (not 
part of the present work). 


4. DATA ANALYSIS 


Existing data to carry out this analysis have been collected from literature and stakeholders active in 
the area. As data collection has been carried out for diverse purposes, and not for this particular 
investigation, the spatial and temporal resolution is not ideal. Some extrapolations/projections were 
carried out in this section and, whenever this was required, it has been reported. The ideal spatial and 
temporal resolutions are being discussed to provide a better understanding of uncertainty propagation 
when these are used as input to the numerical model. 


(i) River water levels: as Axios and Gallikos rivers comprise the boundary conditions of the 
models, information regarding their water levels is necessary. For Axios river, these are obtained for 
a range of fluxes from 5 to 60 m/s which represent baseline to high flows at six locations along the 
lower half of the east boundary. The respective free water surface is also known. Relationships 
between topographic information and water surface will be used to calculate the boundary condition 
in the upper half of the boundary. This input is obtained from the hydrodynamic model of Axios River 
(Papadimos, 2015). Gallikos deltaic area in the downstream had been depleted in the past due to 
anthropogenic interventions. Currently, continuous flow has been restored due to the recovery of the 
river as well as due to water transfers from Aliakmonas River (channel transfer for Thessaloniki’s 
water supply). Regular monitoring is proposed in the area to improve knowledge of this boundary 
condition. 


(i1) River abstractions and irrigation: abstractions from Axios River are considered here in order 
to calculate the irrigation rates. Irrigation takes place between the months of May and October. Daily 
data were provided for the three main irrigation zones, namely Agios Athanasios, Chalastra and Nea 
Magnisia. These data are averaged on a daily basis for every month as seen in Table 2. These values 
can be uniformly distributed (as rice fields cover the whole area predominantly) to calculate irrigation 
rates per unit area. 


Gii) Groundwater abstractions: groundwater abstractions within the model area are located in the 
east section. An abstraction annual average of about 60x10° m/year and 6x10°m?/year is estimated 
for Axios and Gallikos basins respectively (Ministry of Environment and Energy, 2014). These 
extractions take place in the summer months; hence, a daily average needs to reflect the period 
between May and September. 


(iv) Rainfall: a rainfall record is available for the last seven years. Table 3 presents total rainfall 
depths for the years that have a complete record. These observations serve for the calculation of deep 
infiltration, i.e. aquifer recharge. 


(v) Evapotranspiration and Recirculation: rice cultivation requires flooding of the area during the 
summer months. For this reason, potential evapotranspiration (PET) rates are practically taking place. 
The recirculation of drained water via a pumped system suggests that there is increased time for PET 
to take place and, therefore, reduced deep percolation/infiltration occurs. 


Groundwater levels and hydrochemistry: groundwater piezometric information exists for a number 
of wells primarily situated in the east part of the study area. These observations suggest the presence 
of an unconfined and a partially pressurized aquifer, as discussed in section 3. This inference is 
corroborated by the differing hydrochemistry of the two sets of observations (Nitrate and TDS levels). 
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Ideally, more observations would be required on the southern border to identify the saltwater- 
freshwater interface. 


Table 2. Daily averaged abstraction flows (m3/s) from Axios River between 2010-2013 
(source: GOEB). 
Month May June July August September October 


Daily Average (cumecs) 47 41 42 37 12 2 


Table 3. Monthly rainfall depths (mm) for years with complete record between 2010-2017. 


Month/Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Total 
2010 16 126 46 29 76 49 72 1 20 140 20 27 622 
2012 24 27 45 45 110 29 1 15 59 34 111 60 561 
2014 32 68 35 0 0 0 48 37 81 69 105 167 643 
2015 45 40 111 19 11 93 4 36 69 101 33 0 562 
2016 30 43 106 12 94 23 15 50 157 39 21 1 591 


5. DISCUSSION AND CONCLUSIONS 


This work provided a methodological understanding of the building process of a hydrogeological 
conceptual model under limited information supply. Hydrometric and hydrogeological data are not 
always collected in a suitable spatiotemporal scale. Yet, the production of a conceptual model to 
support the construction of a numerical model can still be feasible. The confidence to this conceptual 
model will then need to be established during numerical model calibration. On this basis, new 
observations can be requested in specific areas where simulation confidence is lower, 1.e. 
recommended targeted observation points. In the case study, these are the interface between saltwater- 
freshwater and Gallikos river levels. Complementarily, piezometers on the north boundary with 
longer record could improve confidence. 


It was shown that a compromise needs to be made with regard to model dimensions, i.e. the selection 
of boundaries. In cases where the available data do not provide sufficient information for a larger 
area, it is proposed that the selected area can be smaller than the area of interest. The boundary 
conditions of the model will play a major role in how the domain interacts with the area outside the 
model. This approach was followed for Axios River Delta and its aquifers. Trade-offs exist between 
(i) model domain size, (ii) expected simulation times (computational power), (iii) amount of collected 
information and (iv) confidence to simulation results. Model parsimony has been the key principle 
adopted. This model will support the construction of a hydrogeochemical model evaluating seawater 
intrusion in the subsurface water systems. 


Water management can affect how the phenomenon plays out in an uncertain future. Climate change 
might alter hydrological patterns resulting in droughts and/or also cause sea level rise. The numerical 
model supported by this conceptual model can be a useful tool to test these scenarios and create a 
portfolio of effective management options; informed decision-making on water use and allocation 
can be part of a mitigation strategy of seawater intrusion. This evaluation is relevant for other coastal 
aquifers that are over-exploited and/or are likely to suffer similar impacts of climate change. 
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Abstract 

Many coastal areas all over the world face significant water availability issues due to population 
increase and numerous human activities (i.e., tourism development, commercial and agricultural 
activities) taking place in the interior of them. This problematic situation becomes even worse when 
groundwater resources constitute the sole source of freshwater. Moreover, coastal areas are threatened 
by seawater intrusion caused due to the substantial decline of groundwater levels. To this task, the 
implementation of various protective countermeasures, that should be carefully examined and 
evaluated, is often required in these regions. For this reason numerical modeling is usually applied, 
since it enables studying the spatial and temporal evolution of both hydraulic head and seawater 
encroachment under different management perspectives. Within this framework, the present study 
investigates the implementation of various management scenarios aiming at dealing with both 
groundwater drawdown and seawater intrusion in the coastal aquifer of Nea Moudania, Halkidiki, 
Greece, which faces both considerable decrease of groundwater levels and increased salinization due 
to seawater intrusion. All management scenarios are actually related to the reduction of pumping rates 
of the abstraction wells (irrigation and/or domestic wells) due to the implementation of pumping 
restriction measures or the exploitation of alternative water resources (i.e. use of surface water). The 
investigation and evaluation of the alternative scenarios are performed through the application of a 
calibrated transient groundwater flow-solute transport model already developed for the reference 
area, by studying the spatial and temporal evolution of both hydraulic head and chloride 
concentrations resulting from each scenario. 


Keywords: groundwater drawdown; seawater intrusion; groundwater resources management; 
numerical modeling; Nea Moudania aquifer 


1. INTRODUCTION 


Over-exploitation of groundwater resources in coastal areas worldwide has evolved into a widespread 
environmental issue that in addition affects negatively the economy of these regions (Datta et al., 
2009; Werner et al., 2013; Siarkos and Latinopoulos, 2016a). Not only does groundwater over- 
exploitation causes the intense decline of groundwater levels (quantitative degradation), but also has 
as direct effect the intrusion of seawater (qualitative degradation), which, in turn, results in reduction 
of the available and exploitable amounts of freshwater (Werner et al., 2013; Siarkos and Latinopoulos, 
2016b; Siarkos et al., 2017). For this reason, application of preventive measures and development of 
management strategies regarding groundwater abstraction are considered to be of utmost importance 
(Papadopoulou, 2011; Siarkos et al., 2017). 
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The aforementioned management strategies in order to be effective and have positive results to the 
local groundwater reserves should be thoroughly investigated in conjunction with the proper study of 
the aquifer’s behavior. To this task numerical modeling is usually implemented. In this way, not only 
does the aquifer’s behavior under various stresses (i.e., recharge and discharge conditions) is 
examined, but also the comparison and evaluation of possible management scenarios are 
accomplished in terms of both hydraulic head and seawater encroachment evolution (Pliakas et al., 
2005; Dausman et al., 2010; Pool and Carrera, 2010; Siarkos et al., 2017). 


In this perspective, the present study investigates through numerical modeling the impact of various 
management scenarios on the quantitative and qualitative status of the aquifer of Nea Moudania, 
Halkidiki, Greece. These scenarios are related to the reduction of pumping rates of the abstraction 
wells and/or the suspension of their operation, which is one of the most well-known preventive 
countermeasures implemented in the effort of controlling seawater intrusion in coastal regions (Oude 
Essink, 2001; Pool and Carrera, 2010; Kallioras et al., 2013; Siarkos et al., 2017). More specifically, 
the management scenarios include: a) reduction of the pumping rates of irrigation wells in order to 
achieve a balance between aquifer inflows and outflows and, therefore, no further groundwater level 
decline occurs, b) suspension of the operation of certain wells located in the southern part of the 
aquifer, due to probable unsuitable drinking water quality (salinization), and c) construction and 
operation of a reservoir in a nearby basin (Olynthios river basin) and use of stored surface water in 
order to cover water needs of the Nea Moudania basin, thus reducing groundwater resources 
exploitation. To apply, compare and evaluate these alternative scenarios, a transient model involving 
the simulation of both groundwater flow and solute transport and developed in a previous study 
(Siarkos and Latinopoulos, 2016a), was used. 


2. STUDY AREA 


The hydrological basin of Nea Moudania is located in the south-western part of the Halkidiki 
Peninsula (south-east of Thessaloniki) and belongs to a wide region called “Kalamaria Plain”. The 
basin occupies an area of about 127 km? with a mean soil elevation of 211 m above mean sea level 
and a mean soil slope of 1.8%. It is bordered to the south by Thermaikos Gulf and, therefore, there is 
hydraulic connection between groundwater and seawater in this part of the region (Latinopoulos, 
2003; Siarkos and Latinopoulos, 2016a, 2016b). In Figure 1 both the location and boundaries of this 
basin are depicted, along with the two sub-regions of the basin: the hilly area in the north and the flat 
area in the south. The climate of the study area is semi-arid to humid, typically Mediterranean, and 
the average annual precipitation is 417 mm for the flat area and 504 mm for the hilly one 
(Latinopoulos, 2003). 


The basin is an agricultural area that is intensively cultivated and irrigated, thus requiring high water 
quantities. Currently water needs in the region (irrigation, domestic and livestock needs) are 
exclusively covered by the Nea Moudania aquifer system, which is considered to be semiconfined, 
consisting of successive water-bearing layers separated by lenses of semi-permeable or impermeable 
materials. Intense agriculture and uncontrollable irrigation have led to over-exploitation of local 
groundwater resources, causing net deficit in the aquifer water balance and substantial decline of 
groundwater levels. As a consequence, phreatic conditions are encountered in several locations. 
Moreover, qualitative degradation of the aquifer is observed due to seawater intrusion caused by 
groundwater over-exploitation, especially for irrigation purposes (Siarkos and Latinopoulos, 2016a, 
2016b). An in-depth description of the Nea Moudania basin and the subjacent aquifer is presented in 
Siarkos and Latinopoulos (2016a). 
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Figure 1. Location and boundaries of the Nea Moudania basin. 


3. GROUNDWATER MODELING 


As already mentioned, for the application and evaluation of various management scenarios a transient 
model, previously developed by Siarkos and Latinopoulos (2016a), was used. In this model the 
simulation of both groundwater flow and solute mass transport —chloride ions in particular— under 
transient conditions was performed by applying the SEAWAT code (Guo and Langevin, 2002). The 
SEAWAT design is based on the concept of combining two well-established and proven groundwater 
programs, MODFLOW (McDonald and Harbaugh, 1988) and MT3DMS (Zheng and Wang, 1999), 
into a single program that simulates variable-density groundwater flow and transport. The governing 
equations of variable-density flow problems can be found in Guo and Langevin (2002). The procedure 
followed for the development and application of the aforementioned model is thoroughly described 
in Siarkos and Latinopoulos (2016a). In the present study, since its scope is focused on the 
comparison and evaluation of the management scenarios, only the basic implementation steps of the 
proposed methodology are presented: 


e Step 1: Development of three different models, i.e. a steady-state groundwater flow model by 
applying the MODFLOW code, a false transient groundwater flow and solute transport model and a 
transient groundwater flow and solute transport model by applying, in both cases, the SEAWAT code. 
Each of these models has its own specific objectives, while their connection constitutes the backbone 
of the whole procedure. 


e Step 2: Calibration of the aforementioned models by properly adjusting the models parameters, 
i.e. aquifer hydraulic-hydrodynamic parameters, recharge and discharge components, boundary 
conditions, and applying a repetitive trial-and-error procedure between the false transient and the 
transient simulations. 
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e Step 3: Performing a sensitivity analysis in order to strengthen the proposed methodology by 
enhancing the calibration procedure and optimizing the adjustment of the various models parameters. 


By applying the transient model under certain aquifer stresses, the temporal and spatial evolution of 
both hydraulic head and seawater encroachment can be investigated, producing a clear image of the 
aquifer’s quantitative and qualitative status. In the study of Siarkos and Latinopoulos (2016a), the 
model was run for 33 years, and the projection of the two system variables, i.e. hydraulic head and 
chloride concentrations, was made until October 2034 (the end of the assumed simulation period). In 
this simulation, which will be henceforth called “Scenario 0”, and during the projection time period 
(20 years), the pumping rates of the wells were assigned the values estimated during the calibration 
procedure, corresponding to current abstraction conditions (2014 - model validation year). In Figure 
2, both hydraulic head and chloride concentrations distributions at the end of the simulation period 
are displayed. According to this figure it is expected that: a) high negative hydraulic head values will 
be observed in the southern and central part of the study area and b) the seawater front will penetrate 
at a considerable level towards the interior of the aquifer being at a maximum distance of 2.2 km from 
the coast. 


x 


0 1 
(a) p E kilometers 


Figure 2. a) Hydraulic head (in m) distribution at the end of the simulation period (2034), 
b) chloride concentrations (in mg/L) distribution at the end of the simulation period (2034). 


4. MANAGEMENT SCENARIOS 


4.1 General issues 

Based on the results of the transient model, maintaining the current groundwater exploitation 
conditions, i.e. the current well abstraction regime, will inevitably lead to further deterioration of both 
quantity and quality of local groundwater resources. This is translated to further groundwater levels 
decline, as well as to further expansion of the seawater wedge towards the interior of the aquifer. 
Therefore, in order to alleviate the existing problems, immediate preventive countermeasures should 
be taken. In the present study three alternative practices/scenarios, referring to the modification of the 
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abstraction status of the study area (reduction of the pumping rates and/or suspension of the operation 
of the wells) are examined, compared and evaluated applying the transient model mentioned in 
Section 3. In the following sections (4.2 - 4.4), a detailed description of the aforementioned scenarios 
is given by presenting the specific characteristics of every one of them. However, it is necessary 
beforehand to provide some general issues referring to the application procedure of the alternative 
scenarios: 


e The reduction of the pumping rates and/or the suspension of the operation of the abstraction wells 
implies the decrease of the amount of groundwater extracted and, subsequently, of the amount of 
water returning to the aquifer, either as irrigation return flow or as water supply leakage. This decrease 
was taken into consideration in all cases. 


e The hydraulic head values assigned to the northern aquifer boundary (time-variable general head 
boundary) in Scenarios 2 and 3 were the same as in Scenario 0 in order to achieve better comparison 
of the management scenarios (focused on the effect of abstraction wells) and avoid setting arbitrary 
hydraulic head values to the boundary. An exception was made in the case of Scenario 1, where the 
nature of the problem requires the modification of the hydraulic head in that boundary, which is 
analysed in detail in Section 4.2. 


e The implementation period of Scenarios | and 2 was set equal to the one of Scenario 0 (2014 - 
2034), while in Scenario 3 a 10-year implementation period was considered (2024 - 2034). 


4.2 Scenario 1 

In this scenario, the pumping rates of irrigation wells are reduced in order to achieve a balance 
between groundwater inflows and outflows and, therefore, maintain groundwater levels constant on 
an annual base through the 20-year implementation period. To determine the new well pumping rates 
a repetitive trial-and-error procedure was applied, modifying pumping rates in such a way that 
groundwater levels, both locally and regionally, remain stable on annual base. At this point, it should 
be noted that it is essential the hydraulic head at the northern boundary of the aquifer to be maintained 
at the level calculated at the initial time step of the implementation period (May 2014). Therefore, the 
hydraulic head values assigned to the northern aquifer boundary remain constant through the 
implementation period, not following the temporal evolution of the other scenarios, i.e. Scenarios 0, 
2 and 3. 


4.3 Scenario 2 

According to Scenario 2, pumping is locally ceased by pausing the operation of certain wells located 
in the southern part of the reference area, due to probable unsuitable drinking water quality 
(salinization). The selection of these specific wells was based on their relative position with respect 
to the seawater wedge, as well as on the chloride concentration observed at the beginning of the 
implementation period of the scenario. If chloride concentrations exceed certain limits, that vary 
according to the use of the wells (water supply or irrigation wells), the wells operation is suspended, 
considering them as unsuitable for the respective use. More specifically, in the case of water supply 
wells, pumping is stopped when chloride concentration exceeds 250 mg/L (drinking water limit). On 
the other hand, the operation of irrigation wells is paused when electrical conductivity, which 
determines the suitability of water for irrigation purposes, exceeds the value of 5,000 uS/cm, which 
denotes the limit between sensitive and partially sensitive crops (Maas, 1984). 


4.4 Scenario 3 

Scenario 3 investigates the alternative of designing and constructing a reservoir in a nearby basin that 
will increase the study area’s water reserves by capturing the surface water runoff of the Olynthios 
River hydrological basin. The operation of the reservoir aims to serve: (a) the domestic water needs 
and (b) irrigation water requirements. 
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The Olynthios hydrologic basin covers 252 km”. The dam is designed to be rockfill, with a clay core 
and a lateral spillway, with a height of 73 m and a volume of storage of 22.84 Mm? (Karamouzis et 
al., 2008). The reservoir inflows were calculated using the Thornthwaite and Mather model (McCabe 
and Markstrom, 2007) for the Olynthios catchment and the average monthly values (Demertzi, 2013) 
were imported in the model. Finally, the evaporation from the water surface of the reservoir was 
estimated using the DeBruin equation (DeBruin, 1978). The simulation of the reservoir operation was 
performed using the Water and Evaluation Planning (WEAP) software (Sieber and Purkev, 2005) 
with a monthly step and no return flows, while first and secondary priority of the water supply were 
assigned in the model to urban and agricultural demand sites, respectively (Katirtzidou and 
Latinopoulos, 2017). The reservoir begins operating as empty on May 2024, while urban water supply 
begins on November 2024 and agricultural water supply on May 2025. The reservoir water storage 
volume during the study period is presented in Figure 3. The stored water quantity marginally covers 
the annual water needs of the study area, while the higher and lower level is observed on April and 
September of each year respectively. 
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Figure 3. Reservoir storage volume. 


5. APPLICATION AND EVALUATION OF MANAGEMENT SCENARIOS 


In this section, the results of the application of the alternative scenarios are presented and evaluated. 
The results refer to the impact of the management scenarios on both groundwater levels and chloride 
concentrations in the study area, and are produced by applying the transient model and making 
necessary modifications according to the nature of each scenario. First of all, in Figure 4 the temporal 
evolution of the hydraulic head in a typical grid cell of the model through the whole simulation period 
(2001 - 2034) for all scenarios is presented. What is worth mentioning is the steep increase of the 
hydraulic head in the case of Scenario 3 when it is applied, which is attributed to the fact that all 
abstraction wells in the study area cease operating and, therefore, no groundwater is used anymore. 
With regard to the other scenarios, in Scenario 1 the hydraulic head remains constant on annual base 
which is consistent with the fact that the aquifer’s water budget is balanced, while in Scenarios 0 and 
3 the hydraulic head decreases over time, which is more intense in the case of Scenario 0, where no 
preventive measures were applied. 
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Figure 4. Hydraulic head evolution through the simulation period (2001 - 2034) for all 
scenarios. 


Moreover, in Figure 5 the groundwater level in a certain aquifer section (section A-A’) at the end of 
the simulation period (i.e. the year 2034) for all scenarios is illustrated. It is observed that the 
hydraulic head in Scenario 3 is higher than in other scenarios, even though its implementation period 
is shorter (10 years in Scenario 3 instead of 20 years in Scenarios 1 and 2). An increase in the hydraulic 
head of Scenario | is also observed, in relation with Scenario 0, but to a lesser extent than in the case 
of Scenario 3. In Scenario 2 only a slight increase of groundwater level occurs in the southern part of 
the aquifer at a near distance from the coastline (local effect). What is worth noting is that in all 
scenarios the hydraulic head is below the mean sea level (m.s.l.) in various parts of the study area 
(south and central parts), with the lowest values being observed in Scenarios 0 and 2. This is very 
important regarding seawater intrusion, since, as long as the hydraulic head is below the m.s.l., 
seawater will continue to infiltrate inland. 


Finally, Figure 6 shows the location of the seawater front in terms of the 250 mg/L chloride 
concentration contour at the end of the simulation period (2034) for all scenarios, as well as its 
location at the beginning of the simulation (2001). It is worth mentioning that in all management 
scenarios, i.e. Scenarios 1, 2 and 3, the seawater front expands over time ending up very close to the 
position it occupies in the case of Scenario 0, where no protective measures were implemented. In 
other words, seawater intrusion is slightly affected by the countermeasures examined in this study. 
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Figure 5. Groundwater levels at the end of the simulation period (2034) for all scenarios. 
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Figure 6. Location of the seawater front at the end of the simulation period (2034) for all 
scenarios, along with its location at the beginning of the simulation period (2001). 


Based on the results presented above, with regard to hydraulic head Scenario 3 is the most effective 
one, since its application results in a considerable increase of groundwater levels throughout the study 
area. This is wholly attributed to the fact that the operation of all abstraction wells in the region is 
suspended, resulting in the substantial decrease of the aquifer discharge. Scenario 1 is the second 
most effective, also leading to the increase of groundwater levels all over the study area, while 
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Scenario 2 shows a rather poor performance, since its impact on groundwater levels is minor and 
limited only to the southern part of the region close to the coastline (local effect). Regarding seawater 
intrusion, no measure can be characterized as effective, since in all cases (Scenarios 1, 2 and 3) 
seawater intrusion occurs and seawater front expands, while the results are almost similar to those of 
Scenario 0, as if no preventive measures have been implemented. 


6. CONCLUSIONS 


In the present study, various management scenarios regarding groundwater abstraction were 
implemented, compared and evaluated in order to improve the quantitative and qualitative status of 
the Nea Moudania aquifer. These scenarios are related to the reduction of the pumping rates and/or 
the suspension of the operation of the abstraction wells in the study area. For the application of the 
management scenarios a previously developed transient groundwater flow and solute transport model 
was used. The evaluation of each scenario was based on the analysis of the results of the 
aforementioned model regarding both the hydraulic head and chloride concentrations evolution over 
time. 


According to the results the case of constructing a reservoir in a nearby basin and providing the study 
area with supplementary surface water (Scenario 3) is considered to be the most effective solution, 
since it leads to the suspension of the operation of all abstraction wells in the study area, completely 
ceasing the groundwater exploitation. But, even though the application of this scenario results in 
considerable increase of groundwater levels, its impact, as far as the seawater intrusion is concerned, 
is minor, as of other scenarios as well, not intercepting the movement of seawater front inland. 
Therefore, it is concluded that in order to deal with seawater intrusion and avoid the expansion of 
seawater wedge in the reference area, other type of preventive measures, like the construction of 
injection and/or extraction barriers, have to be investigated and probably implemented. 
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Abstract 

Spatiotemporal geostatistics is a significant tool for groundwater level modeling and resources 
management. Geostatistics is complementary to the physical models which are based on partial 
differential equations that govern the flow and transport of pollutants in the groundwater. However, 
physical models require significant amount of data for calibration (e.g., boundary conditions, 
estimation of the hydraulic conductivity statistics and spatial correlation). In the case of sparsely 
monitored areas the number of available data often does not support the use of physical models, which 
makes a statistical stochastic approach necessary. Researchers in the field of hydrology investigating 
the variability of aquifer properties are often involved in cases with scarce spatial and temporal data. 
In such cases, modeling of the groundwater level as a random field, which can be analyzed and 
estimated by means of geostatistics, is an alternative accessible option. Thus, it can be implemented 
with fewer measurements and is computationally less complex than the solution of partial differential 
equations. A recently developed non-separable physically based covariance function is appropriately 
modified employing tools of physical meaning to enhance the efficiency and reliability of 
spatiotemporal geostatistical modeling in groundwater applications. The proposed covariance 
function is mathematically valid (i.e., constitutes permissible models), and provides a useful tool to 
model scarce space-time groundwater level data. Herein, the efficiency of the proposed tools is tested 
using groundwater level data from an alluvial unconfined aquifer. 


Keywords: non-separable covariance; space-time interpolation; space-time modelling, groundwater; 
sparse data 


1. SPATIOTEMPORAL GEOSTATISTICAL MODELLING 


Spatiotemporal geostatistical models provide a probabilistic framework for data analysis and 
predictions which is based on the joint spatial and temporal dependence between observations 
(Kyriakidis and Journel 1999, Fischer and Getis 2010). Initial approaches to spatiotemporal data 
modeling were based on separable covariance functions, obtained by combining separate spatial and 
temporal covariance models (Rodriguez-Iturbe and Mejia 1974, Rouhani and Myers 1990, Cressie 
1993, Dimitrakopoulos and Luo 1994). The last two decades there is significant development of non- 
separable covariance functions. These models aim to improve spatiotemporal data modeling and 
prediction (Cressie and Huang 1999, De Iaco, Myers et al. 2001, Gneiting 2002, Kolovos, Christakos 
et al. 2004) by extracting in some case the covariance functions from physical laws such as differential 
equations and dynamic rules (Christakos and Hristopulos 1998, Christakos 2000, Gneiting 2002, 
Kolovos, Christakos et al. 2004). 


The main goal of space-time analysis is to model multiple time series of data at spatial locations 
where a distinct time series is allocated. The time variable is considered as an additional dimension 
in geostatistical prediction. A spatiotemporal stochastic process can be represented by Z(s,t) where 
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the variable of interest of random field Z is observed at N space-time coordinates (S;,,t;),...,(Sy>ty) 
, while the optimal prediction of the variable in space and time is based on Z(S,,t;),...,Z(Sy.ty) 
(Cressie and Huang 1999, Giraldo Henao 2009). S/TRF Z(s,t) can be decomposed into a mean 
component m,(S,t) modeling the presence of a correlated trend and a residual S/TRF component 
Z'(s,t) modeling fluctuations around that trend in both space and time. The trend can be calculated 


either deterministically and the fluctuations using a stochastic framework such as space-time kriging 
(Christakos 1991, Kyriakidis and Journel 1999). 


2. SPATIOTEMPORAL PREDICTION OF AQUIFER LEVEL 


Mires basin of the Messara valley is a sparsely monitored basin located on the island of Crete, Greece. 
Since 1981 where a rapid increase of drip irrigation and increased pumping were started, only 10 
wells were consistently monitored biannually until the year 2015. The basin is consistently 
overexploited and the result is a great drawdown of the water table; more than 35m since 1981. The 
water resources availability in the area, especially the groundwater, are encountering great shortage. 
The application of spatiotemporal geostatistics exploits the spatially short groundwater level dataset 
to identify the historic spatiotemporal behavior of the aquifer and to take useful information regarding 
the space-time data correlations for future predictions. Space-time geostatistical analysis considers 
the following steps: 1) space-time variogram calculation, 2) application of space-time kriging, STOK 
for prediction, 3) estimation of prediction accuracy. 


STOK is a well-established method for space-time interpolation (Christakos, Bogaert et al. 2001, De 
Cesare, Myers et al. 2001). It is however complicated, as the kriging system of equations needs to be 
solved at the same time for spatial and temporal weights (Skøien and Bléschl 2007). 


The primary concerns when modeling space-time structures, is to ensure that the chosen 
spatiotemporal dependence model is valid and appropriate for space-time analysis. First, the 
experimental spatiotemporal variogram is determined. Then it is modeled with theoretical 
spatiotemporal variogram functions to determine the space-time dependence parameters. 


3. GEOSTATISTICAL TOOLS 


Spartan covariance and variogram functions were introduced by Hristopulos (2003) and have been 
applied to various environmental data sets (Hristopulos 2003, Elogne, Hristopulos et al. 2008, Elogne 
and Hristopulos 2008, Hristopulos and Elogne 2009, Varouchakis and Hristopulos 2013, Varouchakis 
and Hristopulos 2017). Herein, this family of functions is modified appropriately to model hydro- 
geological data. The Spartan covariance functions in d=3 dimensions are expressed as follows: 


No e th bea for In | <2. 0? = 1o 
>, 1 ’ z — 
2nJ\n—-4|L AA 224) |; -4| 
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In the above function, 7, is the scale factor, 7, is the rigidity coefficient, £, =|2-n)" /2 is a 


dimensionless wavenumber, ,=|2+7,/2 and a, = (m, 74/2). A= in? a ee 
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dimensionless damping coefficients, € is a characteristic length, h=r/é is the normalized lag 
vector, h =|h| is the separation distance norm and ø? is the variance. A covariance function that is 
permissible in three spatial dimensions is also permissible in two dimensions (Christakos 1991). 
Hence, (1) can be used in two dimensions. The exponential covariance is recovered for 77,= 2, while 


for Il < 2 the product of the exponential and hole-effect model is obtained. 


The spatiotemporal Spartan function constitutes a new approach in the interdependence modeling of 
spatiotemporal data (Varouchakis and Hristopulos 2017). It forms a non-separable function, which is 
based on the spatial Spartan variogram family. The function is derived by substituting A with the 
following equation in its spatial form (1), 


h=4h?+ah?, h, =z h, = z=, where vis the time step lag. 


The scale factor 77, that defines partly the variance of the variogram is expressed in terms of the 


dh/dl 


average spatiotemporal hydraulic gradient (77, ~~ ) of the space-time groundwater level data set. The 


latter is applied to obtain a physical parameter in the function that determines the highest value (sill) 
of the measurement variable in terms of different spatial separation distances. A similar approach is 
common in developing physically based covariance structures by including a parameter that affects 
the spatial or temporal behavior of the measurement variable (Kolovos, Christakos et al. 2004). 


Another new approach in the modeling of spatiotemporal data is the application of non-Euclidean 
distance metrics. In this study we apply the Manhattan metric, described by equation (2), to examine 
the effect of distance calculation on the data interdependence modelling and the prediction results: 


Manhattan: d, = 


¥-Y,| (2) 


Xx; —x,|+ 


where, (xi, yi), (xj y), L j € 1,...n, are the Cartesian coordinates of the i™ and j' monitoring points 
(wells) at the corresponding study area and n is the number of wells. 


Given a constant distance each time, the equation of locus of all points that equidistant from a given 
point (focus) is a concentric circle in case of Euclidean distance and a concentric rhombus in case of 
Manhattan distance, useful for grid-path data. Due to this special feature, the aforementioned distance 
has the potential to capture spatial hydrogeological discontinuities in terms of the separation distances 
between the measurements (Theodoridou, Varouchakis et al. 2017). 


4. RESULTS AND DISCUSSION 


Spatiotemporal geostatistical analysis of Mires basin groundwater level data was applied to identify 
the spatiotemporal behavior of the aquifer since 1981 and to undertake predictions based on the space- 
time data correlations using the proposed tools. The space-time experimental variogram is determined 
from the biannual groundwater level time series at the 10 sampling stations for the period 1981-2014. 
Validation of the estimates was performed for the wet and dry period of the year 2015. 


The theoretical space-time variogram model fitting on the experimental space-time variogram 
obtained from the observed data is presented in Figure 1. The average spatiotemporal hydraulic 


gradient was calculated equal to dh/dl= 0.08m. The respective variogram parameters are o? =46.60 


m’, &,=0.27 (= 3km), é, = 0.94 (= 12 months), 7,= 1.87, a = 0.12 and nugget variance c = 3.83 m?. 
The nugget term was considered to improve the experimental variogram fit. 
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variogram 


Normalised 0 0 Normalised 


The prediction involves STOK application to estimate the groundwater level at the specified locations 
and time during the wet and dry period of the year 2015. The validation results in terms of absolute 


Time lag 


estimation error (AE) are presented in the following table. 


As it is presented in Table 1, STOK provides very good agreement with the reported values improved 
by 35% compared to previous work that involved the original space-time Spartan variogram and the 
Euclidean distance metric. The aquifer level map is then derived using STOK with the modified 
Spartan spatiotemporal variogram structure and the Manhattan distance metric for the wet and dry 
periods of the year 2015, the last period of available data and the most recent to date. The contour 
maps of groundwater level spatial variability in physical space are presented in Figures 2 and 3. The 
maps are constructed using estimates only at points inside the convex hull of the measurement 


locations. 


Table1. Absolute Error (AE) of STOK estimates for the wet and dry period of the year 2015. 


Space lag 
Figure 1. Space-time product-sum variogram fit using the Spartan structure. 


Well No Wet period AE (m) Dry Period AE (m) 
Gl 1.2 1.38 
G2 1.02 1.29 
G3 0.72 0.94 
G4 1.21 1.34 
G5 1.32 1.43 
G6 1.04 1.24 
G7 0.84 0.95 
G8 0.95 0.99 
G9 0.68 0.84 
G10 0.73 0.96 
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Figure 2. Map of estimated groundwater level (meters above sea level — m.a.s.l) in the Mires 
basin using STOK for the wet period of the year 2015. 
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Figure 3. Map of estimated groundwater level (meters above sea level — m.a.s.l) in the Mires 
basin using STOK for the dry period of the year 2015. 


The scope of this work was to employ two new tools of physical meaning in the variogram calculation 
of the available data and to test their efficiency to model the spatiotemporal response of the 
groundwater level variations in an aquifer. The model delivers an excellent variogram fit and very 
accurate estimates. The spatial correlation length is determined after the variogram fitting equal to 
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almost 3km and the temporal length equal to almost 12 months. The latter denotes that spatiotemporal 
prediction considers so the wet as the dry hydrological period of measurements. Therefore, leads to 
accurate results. Figures 2 and 3 present the spatial variability of the estimated groundwater level 
based on the space-time correlations of the data that consider the dynamic aquifer behavior. 


5. CONCLUSIONS 


Reliable space-time estimates are important for groundwater resources management. This work 
presented the space-time geostatistical analysis framework and examined the spatiotemporal 
modeling of groundwater level in a hydrological basin where the groundwater resources have been 
significantly depleted the past 35 years. The spatiotemporal approach employed the application of the 
Spartan variogram function involving the term of hydraulic gradient to approximate the scale 
parameter of the space-time variogram. This spatiotemporal structure fits very well the experimental 
space-time variogram of the groundwater level capturing the space-time correlations of the available 
data. 


The Manhattan distance metric provides improved predictions. This may results from the physical 
characteristics of the aquifer. Moreover, Manhattan distance metric has the property to estimate the 
distance between two points of axes x and y accordingly to the axes orientation, while Euclidean does 
not have this special feature. Thus, Manhattan metric is preferred to estimate a distance between two 
locations when a geological barrier interferes (e.g. in a karstic aquifer, presence of faults). However, 
it is worth mentioning that the aforementioned approach is not necessarily the appropriate for each 
data set, but it depends on the characteristics of the system under study and on the scope of each 
study. 


The STOK estimates presented accurately the groundwater level variability for the examined 
validation period and provided the spatial distribution of the aquifer level at ungauged locations for 
the wet and dry period of the year 2015. The examined approach is shown to provide a reliable 
alternative in spatiotemporal modeling of aquifer level. Another advantage is that it requires less data 
than a numerical model to represent the head field and in less computational time. 
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Abstract 
In this paper, consideration is being given to minimizing the pumping cost from a system of wells 
under transient groundwater flow conditions in a confined aquifer. 


In particular, previous work has been extended to include cases of intermittent pumping in both 
infinite and semi-infinite aquifers, where the method of images applies. 


The mathematical method used to find the minimum of the cost function was the Lagrange 
multipliers. 


It has been proved analytically that at any time, the pumping cost is minimized when the hydraulic 
head level drawdowns at the locations of the wells are equal to each other. 


Keywords: Optimization, method of images; Lagrange multipliers, pumping cost, groundwater 
management 


1. INTRODUCTION 


The cost of energy consumed for the pumping of water is one of the main problems of groundwater 
management. This energy can be divided in two categories. The first category includes the energy 
required to lift the water from the underground aquifer and the second one the energy needed to 
overcome friction in pipes, the local losses of the pumps as well as other parts of the distribution 
network used for transport of the water (Ahlfeld et al. 2011). The rapid advances in science have 
helped to develop simulation models that solve quite accurately various pumping problems in 
different types of aquifers. To make proper use of programs the user should be equipped with the 
necessary theoretical background, in order to be able to check the computational results. This is 
achieved through analytical solutions that justify, clarify and scientifically evaluate the results 
(Mahdavi 2015). Conclusions resulting from analytical solutions are inextricably linked to simulation 
models that lead to the realistic depiction of real situations and problems and contribute to their 
optimal management both economically and environmentally (e.g. Fowler et al. 2008; Saeedpanah et 
al. 2017; Shourian et al. 2017; Siarkos et al. 2017; Theodossiou 2004). 


In this paper, analytical solutions taking into account transient flow (Katsifarakis et al, 2018) are 
extended to intermittent transient groundwater pumping. 


2. FORMULATION OF THE OBJECTIVE COST FUNCTION 


Energy consumption depends directly on the total flow rate pumped from a system of N wells. The 
cost function of the energy consumed at any time in any type of aquifer is given by the relationship. 
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K=A->°0,(t)(s, (1) +6,) (1) 


Where K is the pumping cost, Qj is the flow rate of well J, sj(t) is the transient drawdown at point J 
at the time t and dyis the distance between the initial hydraulic head level at well J and the reference 
level. Since A is a constant coefficient, which is dependent on energy cost and with the assumption 
that the aquifer is horizontal namely 6);= ð, the objective function that should be minimized is 


K=} 0, Os, ®© (2) 


2.1 Initial conditions - Constraints 
We consider a system of N wells, which pump given total flow rates for K successive time periods. 


For any well m€ [1,N] just before pumping begins (4, =0) 
Q; =0, S(ty,m) =0 (3) 


For any time period i the following constraint applies (i=1, 2, 3... K) 
N . . 
20,50 (4) 
m= 
Where Q; is the total pumped rate during time period i. 


3. INFINITE AQUIFERS 


In infinite confined aquifers the drawdown at a point m at a random moment tx is given by the 
relationship (Latinopoulos 1996, Theis 1935): 


2 


S 
s(t,,m) = 2 a 2 -QW EA, (5) 
Where 
AE E 6) 
ae AT (t,—t.,) “my 4 


is the well function, T is the aquifer’s transmissivity, S the aquifer’s storativity and rmj the distance 
between well m and j. It is worth mentioning that W(w,,,) decreases while w,,, is increasing. Using 


mj 
the superposition principle (Bear 1979) the cost function at any time K-1 <tk<K_ takes the form 
2 


oe Sr; 
i-l i-l 7 
K,=2, 2; -Q; ap! a We ay (7) 


3.1 Analytical solution of the optimization problem for infinite confined aquifer 


To find possible critical points under constraints, the method of Lagrange’ multipliers will be used. 
The function (7) is subject to K equality constraints, as many as the periods of different total pumped 
flow. Therefore, the function to be studied is the following: 


K 
L, =K, +> 18; (8) 


i=l 


So, the system of equations that we need to solve, in order to find a critical point is 
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K 
VL, = VK, +> 4,Vg, =0 (9) 


i=l 
=0,Vi =1,2,3...,K (10) 


Where Aj is every Lagrange multiplier for every constraint and gj is the total pumping constraint for 
each time step, 


8; => Q. -O, =0 (11) 


According to all these we shall calculate the first derivatives of L, with respect to the decision 


variables, which are the flow rates Q‘ . 


For any m e[l, N] and for any y e[l, K —1] 
2 


4 Sr; 
ee Lag -0° Mo ey Ti 


2 


1 Sr, 
+2—— (0O? =O) yy (= )+ 
gar O Qan WC ) 


AT (t, —t,) 
y y-l Stn =~ 
are: —O?"')w Grae E 


2 


1 : S 
Lar OF" {Owe 


AT (t, —t,) 
2 (O;"- 9} Wore > 2 
= ae (Q?""—Q? Wore +A, (12) 
ôL, 
50> = 28 mity-ty 1) — 28 me-t) +2, =0 (13) 


For the last time step y=K and for any m e[1, N] 


OL, 
£=2s 


ag Smtr tA 5O (14) 


To complete the system, we use the K equations of (10) 

The system consists of K x (N+1) equations with K x (N+1) unknowns 

For y=1, 2... K-1 and for any m e[l, N] and n e[l, N] 

S +A,=s +A (15) 


ml-t) T Smt) ni-ya) net Ay 


For y=K respectively 
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ee as A, = Sao.) + A, (16) 


Introducing the N equations of (16) to K x N equations of (15) results into 


S (17) 


m(t,—t,_4) = Sata) 
Therefore, only one critical point exists, namely P(Q} . Q; ee Qn ) 


Point P refers to a local extreme point or to a saddle point. To decide we shall calculate the quantity 
q, which is defined as: 


h, 
1 1 1 2 K h, 
q=|h:, h}, h} ,h?,. hE | H (18) 
hy 
Where hi, h},... hă are real numbers verifying the following equality: 
| eg, ôg, ôg, 6s: Fn] 
ðQ, ĉQ, Oy 0Qn || pi 
ôg, 0g, ° 
aor 20! i 
hy 
2 
K =0 (19) 
Og, Zk Ôg k Ôg k 
eee eee K 
| 6@; Q, 00x QK | hy | 
And H the Hessian matrix with dimensions K*NxK*N whose elements have values 
OL 
ay = ‘_ Where Qj and Q; are the flow rates arranged in time order. 
0Q ,0Q; 
ə’ L, Sr? Sr? 
5 = W( mwg hi ) 
(i.e OQ, ) Tt, AT (t, a t,) ) 
After trivial calculations we conclude from eq. (19) 
hi +h, +...+h, =0 
hè +h} +..+h, =0 
1 2 N (20) 


he +hy +..+hy =0 


And from eq. (18) 
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q= ny Kw i T a -h?)W ey Èn en —h')W aoa )+ 


t, -t,) 
A N N o, Sr? 
+ ho) (k -h h? —h?)W Feis 21) 
È aL yw Ges ra ih P) Gre. ay ( 
+S hY (hE -hE W) 
Zi 2 m tk- ) >0 
l Sr; Sri; 
We also take advantage of the properties a, =a,,, W(-—_——__) = W(-_—_—_ ) 
AT(t, -t,) AT(t, -t,) 
Sr? Sr? Sr? 
wo —)=W( sea ==) 
Hd AT (t, -t,) ANGE) AT(t, -t,) 
The quantity q is positive for the following reasons 
Sr? Sr; 
1) W(——+—__ ) M u a > 0 (Katsifarakis et al. 2017) 
4T(t, —f,) 4T(t, +t) 


where fo is the radius of each well 


hi +h} +..thy =0 => (hi +h) +..+hy,)? =0 => 
2) From eq. (20) 1\2 1\2 152 1z 1 1z 1 1 1 
(h) +h) +... +h) =-2h h, -2h h; —...—2hy_,hy > 0 


The left-hand side of the last equation is positive as sum of squares. Hence, the right-hand side is 
positive. Applying this result to q 


r? r? Sri 
2hih; —2hih; —...— 2h} hy W =_)4(2h'hw + 2h'h!W + 
(2h nh, ih )W( m i (2h, h, Gas 1 rer 


r2 


+2h} h} W NINA Q 
KA Ge y) 


3) From eq. (20) for 2 consecutively time steps we get 

hi thy+..¢hy =h thy +. 4h => hi +h, +t hi h Ay —...-hy' =0 

(hi thi +...+ hi -h -hi hi =0=> 

(hi)? +Y +. (hY + (Ay? S +. (AY? =-2hthi —2hihi —...—2hi hi, +2hihi* + 
+2hi hy >0 


ipi ipi i i ipi+ i i+ Sr $ 
(-2hihi —2hihi —...— 2h) yh + 2hihi” +... + 2h, hi M ay 
2 Sr? T Sr? 
a2hihiw 2 hih W at Dh hy W (OS — 
AT (t, —t,) AT (t, =t) EG ty) 
ipitl Sr; i pitt Sti 
— 2hini"'W( )—...—2hi Ai WC 
AT (t, —t,) AT Ct, =t) 
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h, 
So, quantity q is positive for all non-zero matrices | ... |that verify equation (19). 
hgy 


For all these reasons we infer that P is a minimum of Kx, and since it is the only critical point it’s the 
absolute minimum. 


Thus, at any time, the pumping cost is minimized when the hydraulic head level drawdowns at the 
locations of the wells are equal to each other. 


4. SEMI INFINITE AQUIFERS 


In the following paragraphs, we work on the pumping cost minimization problem, described by 
equations (1) to (4), in semi-infinite aquifers, to which the method of images applies. We have studied 
two fields. The first one has a straight-line impermeable boundary and the second one has a straight- 
line rectilinear constant head boundary. The optimization procedure remains the same for both cases 
as in the infinite aquifers. The basic concept of method of images is that a boundary can be “removed” 
by adding a number of fictitious (or image) wells, symmetrical of the real ones with respect to it. The 
relationship between the flow rate of each real well and that of its image depends on the boundary 
condition along the “removed” boundary and guarantees its observance. 


4.1 Flow fields with a straight-line impermeable boundary 
The drawdown at the location of each well m at a random moment tx is given by the relationship 


)) (22) 


Krea i-1 » Sha ee 
S(t,,m) = 2 mae 2; AWG, tba aD are, =t) 


i= 


Hence the cost function at any time K-1 <tk <K takes the form 


Sr) : Sr? 
K, (=O) Zo: HOD ‘Wo _) +w(_ 4+ _)) (23) 
a>, 3 2 AT (t, —t;,) AT (t, — ti) 
As in the case we infinite aquifers we introduce the function 
L, =K, ESI gi (24) 
i=1 
For pA ELL] and for any Y EK =H 
cL. 2 f Sr, Sr? 
: -o QW K — W = 


ag, 4 4T(,-t,,)  4T(,-1,..) 


2 


S Sr? 
+2 (9? -owe tm —) 4 i 
AaT 4T(t, -t,4) AT(t, -t, 1) 


N-1 2 2 


Hi Sr; STZ = 
Dep @ - Q? W GTG,- Ly Mga 


2 


S 2 
= z 0" -oyw wa 


AT (t, —t,) AT (t, Ay 7 
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ytl Late hy as 
= Ww (—_—"—_) + W(—_"_)) - 
Tr & Qz Gra, =r ay “TG, -1,)° 
le (2 0? ave w) (25) 
1 4aT aT (t, —t,) AT(t, —t,) 

ôL, 

a0? = 28 mita) z 28 mi) + A, =0 (26) 
For the last time step y=K 

ôL, 

BO? Tn (27) 


As in the case of infinite aquifers, it results in 
(28) 


Smaa) T Saita) 


To verify that point P refers to the absolute minimum we follow the same procedure as in infinite 
Sr? Sr? 

aquifers. We just need to prove that the value W( 1 __)+W/( eu ) is positive. 
AT(t, =t) AT (t, — 


It is obvious that the sum of two positive numbers gives a positive number. 


i-l 


Hence, minimization of pumping cost in the case of semi-infinite aquifers with a straight-line 
impermeable boundary results from equality of drawdowns at each time step. 


4.2 Flow fields with a rectilinear constant head boundary 
The drawdown at the location of each well m at a random moment tx is given by the relationship 


Sr, Sr? 
bes — om ——_* _) —-wW(—__—_ (29) 
s(t m)= 2 n (Q; -07W Grea) "Gre, 
Hence the cost function at any time K-1 <tk <K takes the form 
“< Sr; Sr? 
K, (Q; -0;') 0 =0 We A= a) (30) 
i “2 >, > AT Ct, =t) AT (t, =t) 
The Lagrange function is 
K 
L, =K, +9,48; (31) 
i=l 
For any ” S [LN] and for any Y S [K=] 
A oe eras é Sr 
=Y —@ -0w )- ZE 
oQ? ma 4a AT (t, -t,_,) AT (t, -t,_,) 
See Sr. 
+20! - -Qx W )-W( z 


AT (t, -t,,) AT (t, =t) 
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Lape! Ww GD 

are OW a+ J-W TA 

-20 -OW gos "Grey 

Lar (9? -Q Wa e E We) (32) 
sling theese’ 63 


+t = (34) 


As in the case of infinite aquifers, it results in 


S (35) 


m(t,—t,_4) = Sata) 


2 2 


r? 5 
We just need to prove that the value W(———*—Y_ ) - W(——~)i is positive. 
4T(t, -t.4) AT (t, —t,,) 


The distance zj is smaller than the distance zJ so 


Sis 2 Sr? 2 
ri <r => E Ww “___) > W( Sra 


zj zJ AT(t, -t,,) 4T(t, —t) ATG) T(t, ha) 


Therefore, minimization of pumping cost in case of semi-infinite aquifers with a rectilinear constant 
head boundary results from equality of drawdowns of each time step. The results are shown to be 
related to the proofs by (Katsifrakis 2008) and (Katsifarakis and Tselepidou 2009) for steady state 
flow. This is something that is reasonable, if we consider that the steady state is achieved after 
successive time intervals. 


5. CONCLUSIONS AND DISCUSSION 


In this paper we have studied the minimization of pumping cost under transient groundwater flow 
conditions and in particular the case of intermittent pumping in both infinite and semi-infinite 
aquifers, where the method of images applies. The basic conclusion was that minimizing pumping 
cost at any time, and by extension of energy consumption, is achieved when drawdowns due to 
intermittent pumping of the total pumped flow rate of each time step are equal to each other. The next 
step of this study would be to investigate its applicability to a real field. The way of construction and 
the efficiency of the new system to reduce cost compared to existing systems is an issue of future 
research. 
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Abstract 

The present study deals with the issue of local high nitrate ion concentrations in the groundwater of 
the Greek region of Mygdonia. The specific phenomenon can be of great importance to Mygdonia 
due to health effects described in literature and a possible reduction of crop yield, a major concern 
for the regional agriculture-centred economy. Nitrate concentrations were measured in samples 
collected from a multitude of locations in all three settlements of the region. Concentrations exceeding 
the 50 mg/L EU limit were found in the majority of locations, especially around the area of the plains 
of Mygdonia (settlements Drymos and Lete). This result was followed by statistical analysis of past 
measurement data, which confirm chronically high levels in these locations as opposed to the more 
mountainous area where acceptable concentrations were observed. Furthermore, slight rising linear 
trends were calculated in locations of high nitrate concentrations and minimal negative trends in those 
of lower concentrations. 


A phytotoxicity screening of species Sorghum saccharatum and Sinapis alba in the presence of high 
nitrate content water was also conducted, indicating a significant hindrance of early plant growth. 
Thus, crop cultivation may also be at risk due to nitrate presence in groundwater used for irrigation. 
Finally, probable causes are discussed and compared to previous studies, wherefrom an obvious 
pattern of correlation to agriculture and N-fertiliser application arises; the region-specific 
hydrogeological profile, however, also significantly raises the risk of groundwater contamination. 
Specific handling suggestions for facing the nitrate problem are discussed in this study. 


Keywords: Groundwater nitrates, Mygdonia aquifer, Phytotoxicity, N-fertilisation effects, Nitrate 
vulnerability 


1. INTRODUCTION 


Mygdonia is a 99.03 km? rural region of the Thessaloniki regional unit (Greece), located about 15 km 
north of the city. Mygdonia has been recorded to experience a problem of high nitrate (NO; ) 
concentration in the region's drinking water supply for at least the last decade (see section 2.1). The 
issue has been principally associated with the arable plains of Mygdonia, which encompass the 
settlements of Lete, Drymos, and the eastern part of Melissochori. According to hydrogeological data 
of the respective Basin Management Plan [2012] compiled by the Ministry of Environment, Energy 
and Climate Change of the Hellenic Republic, the region of Mygdonia is located on top of the more 
extensive Mygdonia aquifer network (and corresponding groundwater body). Specifically the 
settlements of Mygdonia belong to the Koroneia subsystem (GR1000071), whose ecological status 
has been classified as "bad" (lowest possible classification) and the waters' chemical characteristics 
as "failing to achieve good" (i.e. the majority thereof has had various substances' concentrations in 
levels of potential threat to human health). In addition, data from the relevant municipal authorities 
indicate that drinking water supply in Mygdonia originates exclusively from drilled water wells 
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exploiting said groundwater. Thus, the issue of excessive nitrates in the region's water can be viewed 
as a specific case of nitrate accumulation in groundwater, a situation which has been repeatedly 
encountered in existing literature [Gardner and Vogel, 2005; Johnson and Kross, 1990; Power and 
Schepers, 1989; Strebel et al., 1989; Zhang et al., 1996]. 


Nitrates have been documented to negatively affect human health in numerous studies; according to 
extant analytic reviews thereof [Bruning-Fann and Kaneene, 1993; Parvizishad et al., 2017; WHO, 
2011], some common health risks arising from high nitrate consumption include infant ("blue baby 
syndrome") and adult methaemoglobinaemia, as well as thyroid gland dysfunctions. The exact 
correlation of nitrate intake and gastrointestinal tract tumours is still widely debated within existing 
literature. Yet, nitrates in drinking water are generally considered harmful to public health and acute 
toxicity results, such as methaemoglobinaemia, are observed when the concentration in drinking 
water exceeds 45-50 mg/L of NO3. In response to this, many countries including all members of the 
European Community have set the "maximum admissible concentration" (MAC) of NO3 in drinking 
water to 50 mg/L [Council Directive 98/83/EC, 1998]. 


Besides the great concern for human health, nitrates have been associated with adverse effects on 
plant growth and potential reduction of crop yield [Chen et al., 2004; Maynard et al., 1976; Zhang et 
al., 1996]. This would be a point of principal focus in Mygdonia, since the main economic activity of 
the region is agricultural. The 2010 agricultural utilisation data from the Greek Payment Authority of 
Common Agricultural Policy Aid Schemes ("OPEKEPE"), shows that 5014.71 ha (i.e. 50.64% of the 
total region area) are fully irrigated and used for crop farming. Thereof, the vast majority (90.28% of 
all farming area) is dedicated to the growing of cereals— mainly wheat, but also barley, oats, etc. 
Existing research has focused on either nitrate content in plants as a risk to human health [Maynard 
et al., 1976] or the correlation of soil nitrate concentration and plant growth [Chen et al., 2004]; the 
present study examines the correlation of phytotoxicity and high nitrate concentration waters, such 
as the ones that might be expected to be found in Mygdonia since water for irrigation is obtained from 
the same aquifers as with drinking water. 


From what has been discussed so far, high nitrate concentration in groundwater is evidently a major 
issue and calls for further, case-specific, research on the possibly affected region of Mygdonia. To 
this purpose, the present study has been compiled; experimental evaluation of the concurrent situation 
in the drinking water of Mygdonia, statistical analysis of past data, the experimental testing of high 
nitrate waters’ effect on plant toxicity, discussion of the results and aetiology combined with 
suggested measures comprise the total of the case study. The conclusions therefrom derived constitute 
an as complete as feasible region profile in relation to groundwater nitrates; this profile can be 
valuable in general as one additional reference case in related bibliography. Furthermore yet, it can 
serve as an instrument for policy makers and local authorities aiding the better handling of the issue, 
as well as a resource for public acknowledgement thereof. 


2. MATERIALS AND METHODS 


2.1 Measurement of nitrate concentration (NO3 mg/L) in the waters of Mygdonia & statistical 
analysis of past nitrate concentration data 

For the quantification of nitrate levels, a total of 9 samples of drinking water were obtained, 3 from 

each settlement of the Mygdonia region (samples L1, L2, L3 from Lete; D1, D2, D3 from Drymos; 

M1, M2, M3 from Melissochori; refer to Table 1). The samples were collected in clean PET bottles 

from a multitude of outside faucets. After sampling was completed, all sample bottles were kept in 

an insulated cool box until the measurements were conducted ~45 min later. 
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Table 1: Information and labelling of the samples collected for assessment of nitrate 


concentration 
Lete : : Drymos ; ; Melissochor : : 
samples Sampling location samples Sampling location isamples Sampling location 
Ll Lete Comm. Hall D1 Drymos Comm. Hall M1 Cultural Association 
L2 Local Fuel Station D2 "Heroon" Region M2 M/chori Comm. Hall 
L3 "Skout" Region D3 "Diskina" fountain M3 Local Bakery 


The procedure followed for the determination of nitrate concentration was the colourimetric 
dimethylphenol method for drinking water, using the TNTplus™ 836 kit and HACH method 10206 
as a reference method. LCK 339 cuvettes and 2,6-xylenol ("dimethylphenol") indicator were utilised, 
with a DR 3900 spectrophotometer employed for measurements. The process was repeated twice (25 
Jan 2018 & 1 Mar 2018) 35 days apart, with a set of 10 drinking water samples from the same sources 
analysed using the same method. 


Moreover, a statistical analysis of nitrate concentration measurements from the last ten years (2008— 
2017) was performed. Past measurement data were treated with respect to water supply source (i.e. 
water tank of each region), as per information provided by the Municipal Water Supply and Sewage 
Corporation of Oraiokastro ("DEYAO"). According thereto: a) water distribution in Melissochori 
originates from 3 disjoint water tanks ("Papadam", "Bizynou-Toumpa", and "Stam Petra", hereafter 
referred to as m(I), m(II) and m(III) respectively); b) water supply in Lete is achieved through 2 
disjoint water tanks ("Patoki" and "Vlahou", hereafter referred to as C(I) and (ID); c) water 
distribution in Drymos is comprised of multiple water tanks, which all do however originate from the 
same larger tank ("Tsoukes") and as such the settlement's supply network is uniform (thus, it will be 
treated as consisting of a single source, referred to as d). The value of nitrates (in mg/L) for each 
source in the respective date was calculated as the average of all available measurements from sample 
locations supplied by the corresponding source. 


2.2 Experimental determination of phytotoxicity in high nitrate concentration waters 

A phytotoxicity test was carried out in order to examine possible effects of high nitrate concentrations 
in waters from Mygdonia on the germination of seeds and plant growth. To this purpose, 2 different 
plant species (monocotyledon sorghum Sorghum saccharatum and dicotyledon white mustard Sinapis 
alba) were screened using a MicroBio Tests Phytotoxkit, in 3 repetitions each with reference soil and 
control water and further 3 repetitions each with reference soil and sample water. This process 
completely adheres to the ISO standard 18763:2016 for the "determination of the toxic effects of 
pollutants on germination and early growth of higher plants". Prior to the phytotoxicity testing, the 
water sample collected from the D2 location to be used in the test group plates was spiked with 
NaNO; to a final concentration of 300.0 mg/L of NO3. The plates containing the seeds and the 
reference soil hydrated either with distilled water or sample water were kept in the incubator at a 
steady temperature of 25°C (+0,5°C) and in constant darkness for 72 hours. At the end of the exposure 
period, all plates were scanned. Afterwards, three different variables were measured: 


i) Percentage of seed germination 

For the ten seeds of each plate, the number of those which had germinated was recorded as a 
percentage. The average of the germination success for each group (control/test) was calculated, as 
well as the percent inhibition, which is given by the following formula: 


I = <—% x 100% 
Ic 
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„where I, is the seed germination success percent inhibition, gç is mean control group germination 
success and Qs is mean test group germination success. The corresponding p-values were also 


calculated by Welch's unequal variances t-test (for a one-tailed hypothesis) using the statistical 
software PSPP v. 1.0.1-g818227. 


ii) Root growth (length measurement) 

Root length measurement was carried out with image analysis software ImageJ v. 1.50i. Mean root 
length r (in mm) for each plate was calculated from length measurements of the respective plate. For 
the estimation of percent inhibition of root growth (7) the group mean root lengths (referred to as fg 
for a control group and Ys for a test group) were computed, as the average of each group's plates’ r 
values. The formula 


tems 


l= x 100% 


Tc 
was then used to obtain I, values for each plant species. Subsequently, p-values for the totality of 


each group's root length data were calculated in PSPP by Welch's t-test for a one-tailed hypothesis. 
The results are discussed in section 3.2. 


iii) Shoot growth (length measurement) 
The identical procedure as with root length was adopted for the measurement of shoot length of 
individuals that exhibited any significant shoot growth; thus, mean shoot length values (s, in mm) 
were determined for each individual plate. The group mean shoot lengths (Sç for a control group and 
Ss for a test group, henceforth) were next calculated, as the average of each group's plates' s values. 
The respective percent inhibition of root growth (/,) was given by the formula: 

Sc — Ss 


Sc 


IL = x 100% 


Finally, p-values for each group's aggregate shoot length data were calculated by Welch's t-test for a 
one-tailed hypothesis; results are presented and discussed in section 3.2. 


3. RESULTS 


3.1. Experimental results of nitrate concentration measurement & past nitrate concentration data 
statistical analysis 


Table 2: Results of NO3 measurements (expressed as NO3 mg-L"!) 


Date Sampling location 
L1 L2 L3 D1 D2 D3 M1 M2 M3 
25 Jan 2018 56.6 61.8 62.9 72.6 72.4 70.1 7.86 8.06 6.86 
1 Mar 2018 59.0 56.8 57.8 60.7 61.3 71.5 7.21 7.41 7.11 
Loc. Average 57.8 59.3 60.4 66.7 66.9 70.8 7.54 7.74 6.99 


The results of the spectrophotometric measurements conducted (refer to section 2.1) are given in 
Table 2. Date and sampling location are noted, while the average of the measurements for each 
location has also been included. All locations in Lete and Drymos were found to have NO3 levels 
above the MAC, with notably high results observed in Drymos. In contrast, samples from 
Melissochori all had acceptable levels. 
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Following the experimental confirmation of the existence of a concurrent nitrate issue in Mygdonia, 
the past data collected in section 2.1 were statistically evaluated. The concentration values (in mg/L) 
for each water supply source were plotted against time for the 10-year interval of study (2008-2018). 
In the resulting graph, Figure 1, nitrate concentrations are represented as data points (circles) of a 
scatter plot, while a continuous straight line represents the linear trend for each supply source 
calculated with the least squares method. Linear regression was selected to examine the nitrate 
concentration statistical trend for all sources except m(II) as this particular data series was found to 
be highly irregular and non-linear with a Pearson correlation coefficient of |r|~0,05. The irregularity 
of m(ID) values is consistent with —and could be caused by— the supply source using a multitude of 
water sources (i.e. different wells) which exhibit varying behaviour in relation to nitrates, leading to 
such scattered data. 
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Figure 1: Scatter plots of the evolution of nitrate concentration with time in different supply 
sources of Mygdonia. Linear trends (in mg-L*!-annum’) for each source were: C(I) +0.84; (11) 
+1.68; d +0.84; m(I) -0.66; m(IIT) -0.84 


The choice of linear regression for the other sources was decided upon as a simple statistical 
modelling of the concentrations, whose measurements can be approximately considered error-free 
and homoscedastic. In reality, nitrate concentration in drinking water is an issue stemming from 
complicated interrelations between many factors, some of which are discussed in section 3.3; 
therefore, a more realistic model for groundwater nitrates would require complex statistical relations 
and robust multivariable analysis [Strebel et al., 1989]. Such a task, and corresponding multi-level 
research, is considered beyond the scope of the present study. 


The sources' linear trends' rates of change (nitrate concentration in relation to time) were extracted 
from the respective line's gradient; both positive and negative trending rates were found (expressed 
as change of concentration units in respect to time units). It is notable that higher nitrate 
concentrations as well as mostly positive trends were consistently observed in the area of the plains 
of Mygdonia (Lete-Drymos—eastern Melissochori, the respective supply sources being (1), (1, d 
and m(II)), while minimal negative trends and acceptable nitrate concentration were associated with 
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mountainous regions (in western Melissochori; specifically in sources m(I) and m(III)). These 
correlations suggest that further causes lie behind the sub-regional situation of nitrate occurrence in 
each landform's vicinity; said causes can be attributed to differing geological composition, variable 
agricultural practice, water well construction details, etc., more thoroughly discussed in section 3.3. 


3.1 Results and discussion of experimental phytotoxicity assessment 

When the twelve plates were examined after the 72 h incubation period, a visually obvious 
impediment of plant growth was observed in the test group plates, for both species. Yet, for the exact 
assessment of phytotoxicity, the three dependent variables were separately examined: 


Table 3: Results of the phytotoxicity experiment: average germination success, average root 
length (in mm), average shoot length (in mm) and percent inhibition for each variable 


Germination % and inhibition Root length (mm) and inhibition Shoot length (mm) and inhibition 
Sorghum Sinapis Sorghum Sinapis Sorghum Sinapis 
sacch. alba sacch. alba sacch. alba 
gc 83.33% gc 96.67% | 7 43.14 7 53.92 | Sc 14.82 Sc 22.09 
gs 83.33% gs 93.33% | 7 33.27 7 37.58 | § 13.34 5S, 21.05 
lg 0.00% I, 3.45% | I, 22.88% I, 30.31% | I, 9.94% I, 4.68% 
p 0.5000 p 02592 |p 0.0344 p 0.0017 | p 0.3023 p 04117 


i) Percentage of seed germination 

No inhibition of seed germination was observed for Sorghum saccharatum, and only a small 
percentage (3.45%) for Sinapis alba. Both results are not considered statistically significant as 
p>0.05, therefore suggesting that high nitrate concentration plays no substantial role in negatively 
influencing the process of seed germination of the two examined species. 


ii) Root growth (length measurement) 

The obtained values show major inhibition of root growth for both species, the impediment being 
especially prevalent in the roots of dicotyledon Sinapis alba. The inhibition is statistically significant 
(p<0.05) for both plants, yet for Sinapis alba an extremely strong result was obtained. This is 
indicative of the sample water exhibiting unmistakable phytoxical effect. 


iii) Shoot growth (length measurement) 

Some inhibition was manifested for this variable, as well, though statistically insignificant as the p- 
values suggest. Shoot growth impediment was marginally more prominent in monocotyledon 
Sorghum saccharatum. 


In total, the comparative examination of the phytoxicity test for the two plant species, returned the 
following findings in relation to the dependent variables: i) zero to minimal seed germination 
inhibition; ii) significant to strongly significant root growth for both species; iii) insignificant shoot 
growth inhibition. Nonetheless, it should be noted that in general, and also according to the directives 
of ISO 18763:2016 and relevant standards referenced therein, shoot development is of secondary use 
as a phytotoxicity indicator; germination success and root growth should be primarily referred to, 
instead. The implication for both species is that high nitrate concentration waters can pose a 
considerable factor of phytotoxicity, as the hindrance of early plant growth is a significant indication 
thereof. Existing literature confirms that nitrates in excess can have detrimental effects on plant 
development similar to the ones recorded, however previous research was conducted solely on 
examining effects of varying nitrate concentration soils and not the water used [Chen et al., 2004]. 
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As such, the assertion can be made that excessive nitrate is an environmental pollutant, affecting plant 
growth at least, in areas where its concentration in water has been steadily high. This potential 
phenomenon can then be applied in the region of Mygdonia, inferring plausible peril for agriculture 
and regional economic activities akin thereto, since the chronically high in nitrate water has been used 
for the irrigation of the mainly monocotyledonous crops (e.g. wheat) as shown in section 1. 


3.2 Discussion on aetiology 

The arable plains of Mygdonia, where above limits nitrate concentrations and positive trends were 
found, also comprise the chief area of the regional agricultural activity. Nitrate contamination of 
groundwater and resulting accumulation in agricultural land areas is a common phenomenon in 
previous studies, and has been most importantly linked to extensive use of nitrogen fertilisers (N- 
fertilisers) in crops therein grown [Ju et al., 2004; Power and Schepers, 1989; Strebel et al., 1989; 
Zhang et al., 1996]. These fertilisers contain the essential plant nutrient N in a range of possible forms 
(nitrate salts, ammonium salts, urea, anhydrous ammonia, cyanamide salts, efc.); however their 
application in soil invariably leads to formation of some nitrates due to the natural process of 
nitrification [Tsitsias, 2000]. The aforementioned studies have consistently linked higher N-fertiliser 
application rates, especially so on irrigated land, to continuously lower crop N-uptake and nitrates 
leaching into groundwater, therefore being the principal cause of nitrate contamination. In addition, 
according to official documents "international literature suggests that [nitrate] concentrations above 
10 mg/L are likely to be connected to anthropogenic pollution" [Special Secretariat for Water of the 
Ministry of Environment, Energy and Climate Change of the Hellenic Republic, 2012], as "the natural 
nitrate concentration in groundwater under aerobic conditions is a few milligrams per litre" [WHO, 
2011]. 


Greek soils are generally quite poor in plant-available N, and as such the utilisation of N-fertilisers is 
almost universal and necessary for most crops [Stylianidis et al., 2002; Tsitsias, 2000]. For wheat and 
related cereals, which constitute the main crop of Mygdonia, the following fertilisation scheme is 
most commonly adhered to in Greece, according to Tsitsias [2000]: a) an initial basal dressing of N- 
fertiliser (usually NH4NO3 or other nitrate salts) or binary NP-fertiliser (NH4H2PO4, (NH4)2HPO4 
etc.) during sowing; b) a later topdressing and foliar application of straight N-fertiliser (most 
preferably urea (NH2)2CO), which is ideally administered in two doses. The total recommended N- 
input is 70-180 kg-ha’! equally distributed between basal and topdressing. Actual application may 
not follow this amount or not be correctly distributed, which in combination with multiple factors of 
fertiliser loss (e.g. surface runoff) leads to an average N-uptake of crops in Greece in the order of 50— 
70%, in extreme cases getting as low as 20% [Stylianidis et al., 2002; Tsitsias, 2000]. Thus, an excess 
of leftover N is expected in Greek soils, comparable to cases in international literature. 


The specific qualitative geolithological characteristics of Mygdonia also indicate a natural 
vulnerability to nitrate accumulation; the following information pertaining to the region's strata was 
retrieved from the geological survey of Kockel et al. [1978] and lithostratigraphic analysis 
accompanying water well data provided by DEYAO. According to these sources, the Mygdonian 
underground is mainly composed of Quaternary sedimentary deposits (eluvial mantle, fluvial 
terraces, fans, efc.). In the eastern part of the region, where plains predominate the landscape, strata 
of granular characteristics (gravel, sand, sandy clay, gritstone, clay conglomerates, red clay series) 
are abundant and constitute the vast majority of the underground around Lete, Drymos and east of 
Melissochori. Some older Neogene deposits (red and silty clays) have also been detected in the 
vicinity of Lete. The common pattern in the plain areas is an initial thin surface layer of clay (thickness 
5—40 m), followed by alternating granular layers as aforementioned. 


The type of lithological formations described above is the most susceptible to nitrate leaching and 
contamination of groundwater, according to existing literature [Johnson and Kross, 1990; Power and 
Schepers, 1989; Strebel et al., 1989; Tsitsias, 2000; Zhang et al., 1999]. This could result due to the 
clay layers of limited thickness, interposed between hydraulically conductive sand—gravel layers, not 
being able to sufficiently mitigate nitrate-rich surface water from leaching to lower groundwater 
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levels of the aquifer [Durner, 1994; Pupisky and Shainberg, 1979; Strebel et al., 1989]. This situation 
can be aggravated in seasons of intense precipitation, markedly so when combined with N-fertiliser 
application [Johnson and Kross, 1990; Ju et al., 2004; Strebel et al., 1989]. 


Specific to the region of the Koroneia basin subunit, the Greek Government under Joint Ministerial 
Decision Ne 20419/2522/2001 has recognised the Mygdonia unit along with others in the wider region 
of Thessaloniki as a "zone vulnerable to nitrate contamination from agricultural sources". The slight 
rising trends found in section 3.1 can therefore be paralleled to similar trends all over Europe or other 
parts of the world, where continuing rise of nitrates is observed in areas of agricultural activity and/or 
granular—sandy soil composition [Ju et al., 2004; Strebel et al., 1989; Zhang et al., 1999]. The 
corresponding minute negative trends in the case of western Melissochori could signify a presumed 
break in the otherwise hydraulically connected —albeit variable— groundwater body of Mygdonia or 
a differentiated response of the local lithostratigraphy. Indeed, in the westernmost of the region the 
terrain becomes increasingly mountainous and the respective strata are differentiated. Therein, the 
older Melissochori-Cholomon Unit exhibits calcareous flysch deposits of alternating calcareous 
sandstone, phyllites and shale, dating to the Triassic—Middle Jurassic Era. Therefore, the aquifer is 
expected to be situated in such types of formations rather than granular layers. Whether this can affect 
the aquifer's response to nitrate contamination and the extent of such an effect has to be met with 
future hydrogeological investigation. 


In general, while the lithological and hydrogeological features of a region considerably determine the 
risk of high nitrate levels in groundwater as has been hitherto discussed, the prevailing nitrate source 
appears to be anthropogenic activity mainly through the use of fertilisers, as per the first paragraphs 
of the section. Indeed, at least one multivariable statistical model for the description and prediction 
of groundwater NO} concentration has been presented, wherein nitrate levels are directly correlated 
to land use; therein, significantly higher concentrations were predicted and observed in regions of 
agricultural activity [Gardner and Vogel, 2005] where N-fertiliser use is expected. 


3.3 Suggested measures for lowering groundwater nitrate concentration 

A measure of prime significance for dealing with the most probable cause of nitrate accumulation — 
excessive fertilisation, as per section 3.4— is the adoption of better N-fertiliser management practices, 
as has been repeatedly proposed in existing literature [Ju et al., 2004; Power and Schepers, 1989; 
Zhang et al., 1996, etc.]. Such course of action calls for monitoring of N-fertiliser input and crop 
productivity, change of fertilisation regime (more frequent administration and in smaller dosages), 
prevention of fertiliser application during rainy season, local government co-operation and incentive 
schemes; in cases where some or all of said measures were applied, nitrate levels reduction and 
increase of crop yield were accomplished [Power and Schepers, 1989; Zhang et al., 1996]. Assertive 
action relating to economic policy has been proposed, as well [Ju et al., 2004]. 


The necessity of analogous measures in Mygdonia is evident, considering that fertilisation control in 
Greece is minimal and bad farming practice is occasionally customary [Tsitsias, 2000]. While relative 
legislature has been passed (Joint Ministerial Decision Ne 16175/824/2006) setting the acceptable 
fertilisation level for wheat cultivation at 80-120 kg-ha! of N with variable incentives-penalties, 
nitrate levels remain higher than acceptable, as has been shown in sections 3.1 & 3.3. The existence 
of said legislature, however, counts in itself as a positive step in addressing the issue. 


In a further attempt to increase the efficiency and plant N-uptake from fertilisers, the use of slow- 
release (otherwise known as controlled-release) N-fertilisers has been advocated [Tsitsias, 2000; 
Zhang et al., 1996, etc.]. This type of fertilisers consist of granular particles which are either 
encapsulated in a protective, slowly-dissolving polymer or sulfur layer, or contain urea derivatives 
that have been treated to be insoluble in water, and as such less rapidly acting. Yet, their cost 
compared to regular fertilisers has discouraged farmers from utilising them broadly. 


At least one study has also demonstrated the effectiveness of catch-crop treatment of cereal crops in 
substantially reducing the soil and drainage water nitrate content, as well as the extent of nitrate 
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leaching [Lewan, 1994]. Catch crops, such as Italian ryegrass (Lolium multiflorum) used in said study, 
are fast-growing annual crops let to grow between successive main crop sowings. The fact that the 
aforementioned study was conducted on sandy soils with cereals as the main crop indicates such a 
solution might be highly suitable to Mygdonia. 


Further specialised suggestions involve construction of denitrification beds [Ghane et al., 2014]. Such 
systems exploit the natural action of denitrifying anaerobic bacteria which are able to metabolise 
nitrate NO3 primarily to harmless nitrogen gas N2 and secondarily nitrous oxide N2O; their 
application has been proposed on a theoretical level in previous literature as well [Strebel et al., 1989]. 
The particular setup of Ghane et al. [2014] performed notably well in raising subsurface water quality 
in relation to nitrates; comparable action can be suggested for the in situ or ex situ (in small scale 
water-treatment plants) remediation of nitrate-contaminated groundwater in Mygdonia. 


Another possible suggestion by Johnson and Kross [1990] for the handling of high nitrate 
concentrations in drinking water obtained from wells in rural communities is the adoption of proper 
well construction techniques. As per the DEYAO data relating to extant water wells in Mygdonia 
basic construction conforms to the aforementioned instructions: wells have been so far drilled (rather 
than dug) and in all cases their depth is greater than the 30 m minimum suggested by Johnson and 
Kross (the range of depths being 140—260 m). Yet, a further, pivotal factor that should be considered 
is the correct application of insulation (grouting) on the upper well layers so as to prevent the 
migration of surface and subsurface water, which can hold the largest amount of nitrates from 
irrigation effluents, to lower levels of the well wherefrom drinking water is extracted [Johnson and 
Kross, 1990]. Cement grouting has been occasionally used in the water wells of Mygdonia, with great 
variation observed on the depth of application. Grouting of 40-90 m has been employed in some 
newer wells, while older wells have had a mere 4—20 m of upper layer insulation; swallow insulation 
is especially evident around the settlements of Drymos and Melissochori. The effectiveness of current 
insulation ought to be more thoroughly examined in future studies, with focus on the choice of the 
most appropriate material and grouting depth. 


Lastly, the compiling of a more complete local groundwater body profile is required. Therein a 
comprehensive mapping of the aquifer in its present situation may be included, as well as specific 
determination of the water renewal rate and monitoring of water mass equilibria. Such data could be 
moreover used to assess whether blending water in the supply network of Mygdonia with other 
regions’ water, as has been proposed for analogous cases by the World Health Organization [2011], 
is a viable strategy. It is worth noting that no singular course of action can guarantee the best 
achievable reduction of nitrate levels; a combination thereof should be considered. 


4. CONCLUSIONS 


The problem of higher than allowable NO} concentrations in the drinking water of Mygdonia was 
attested both experimentally in early 2018 and throughout data from the past decade. In the plain 
regions (primarily surrounding Lete and Drymos) where the issue was the most prevalent, slight rising 
trends of the nitrate levels were moreover found by statistical analysis. In contrast, around 
Melissochori the acceptable nitrate levels observed were also accompanied by mostly negative trends 
of small magnitude. Underlying differences may include varying hydrogeological substrates, since 
the sandy soil of the plains makes the region much more vulnerable to groundwater nitrates than the 
flysch deposit of the more mountainous Melissochori. The aetiology of the problem has also been 
discussed focusing on human activity, viz. excessive N-fertiliser application since agriculture is the 
main economic activity of Mygdonia and N-fertilisation is widespread. The aforementioned 
lithostratigraphic factors have also been taken into consideration. 


As part of the research on consequences from groundwater nitrates, notable phytotoxocity and 
inhibition of early plant growth was experimentally verified by testing on plant species Sorghum 
saccharatum and Sinapis alba. This indicates a possible cause of harm to crops, and an ensuing 
negative impact on regional economy. Therefore, as well as due to considerations of human and 
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animal health described in previous studies, an overview of proposed solutions from analogous cases 
in existing literature has been presented. Such measures should be adopted promptly, so as to ensure 
both remediation and future prevention of high nitrate concentrations in the groundwater and drinking 
water of Mygdonia. 
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Abstract 

Accurate estimation of the hydrological features in the unsaturated zone is mandatory for the effective 
planning of irrigation strategies. Irrigation scheduling depends on crop and soil type as well as 
climatic characteristics and is usually empirically conducted. This paper simulates the water flow in 
the unsaturated zone of an agricultural field located in the River Strymonas basin using the HY DRUS- 
1D model. The model is fed with meteorological data, soil data and soil moisture measurements 
derived by field experiments. After the calibration of the model, model results were used to evaluate 
the irrigation activities applied in the experimental field in terms of irrigation dose, irrigation interval 
and soil moisture variation for the cultivation period. 


Keywords: Vadose zone simulation, HYDRUS-1D, Maize, Irrigation 
1. INTRODUCTION 


In agricultural areas where rain is insufficient during the cultivation period, irrigation consists of a 
significant consumption of water resources and thus needs to be optimized in order to economically 
secure the agricultural production and to environmentally protect water resources. Optimal planning 
of irrigation depends heavily on climatological factors, crop and soil type. Irrigation activities are 
usually scheduled and evaluated through empirical practices that quantify and predict the soil water 
balance and related characteristics under a cultivated crop. On the other hand, analytical and 
numerical models are continuously improving to study and evaluate water movement characteristics 
and related phenomena (Vereecken et al. 2015). Numerical modelling of vadose zone can simulate 
water fluxes within the soil-vegetation-atmosphere system to improve water use efficiency in 
agriculture, especially in case of water scarcity (Babajimopoulos et al. 1995; Babajimopoulos et al. 
2007; Sutanto et al. 2012; Zheng et al. 2017). 


HYDRUS-1D model can simulate one-dimensional variably saturated water flow, heat movement 
and transport of solutes involved in sequential first-order decay reactions by handling flexibly various 
boundary conditions (Šimůnek et al. 2008a). It has been applied in several case studies and at various 
climatological conditions to simulate, optimize and predict the water flow and solute transport in the 
soil vadose zone under field experiments and lab conditions (Hanson et al. 2008; Jellali et al. 2009; 
Ramos et al. 2011; Tafteh et al. 2012; Chang et al. 2015; Zheng et al. 2017). 


This paper assesses the irrigation practices and estimates the groundwater recharge in an irrigated 
maize field located in the River Strymonas basin by simulating the water flow in the unsaturated soil 
zone. For that, the mixed form of Richards’s equation is numerically solved by applying the 
HYDRUS model. Model results are evaluated both in terms of applied irrigation and soil moisture 
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measurements that have been conducted by the Institute of Soil and Water Resources (LRI, 2009; 
Arampatzis et al., 2010; 2014). 


2. MATERIALS AND METHODS 


2.1 Study Area and Available Data 

Nigrita — Flampouro agricultural area (Fig.1) is located at the southern part of River Strymonas basin 
at an altitude of around 15 m a.m.s.] and a distance of 22 km from the sea. An irrigation network 
operates under pressure using five pumping stations and supplies 6300 hectares. The main crop types 
in the area are maize, cotton, alfalfa and industry tomato. 


-i » 
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> A ` . 3 Pumping HouseyAy3 


Figure 1: Nigrita - Flampouro agricultural area (outlined by the blue line) and the under 


study maize field (pointed with the red arrow); the reddish lines depict the underground 
distribution network 


Data for the area were available from the project “Irrigation of crops with the use of meteorological 
stations at Strymonas basin” and include meteorological data, soil data and in situ soil moisture 
measurements (LRI, 2009). Meteorological data were recorded by an automatic meteorological 
station located close to the agricultural area. The recorded meteorological parameters are 
precipitation, temperature, relative humidity, wind speed and direction, sunshine duration and 
evaporation measured with a class An evaporation pan. Soil samples were analysed in the lab using 
the Bouyoucos method to determine the percentages of sand, silt and clay while the saturated 
hydraulic conductivity, Ks, was measured with a Guelph device in situ (Table 1). The hydraulics 
parameters in the soil column were determined by regression analysis based on the soil moisture 
characteristic curve and van Genuchten equation (Table 2). 


Soil moisture measurements were taken by field experiments that conducted from late March to early 
August. A 10 cm diameter hole was dug up to 1 m depth and a DIVINER-2000 pipe was installed to 
take measurements of soil moisture every 10 cm at regular intervals. Also, two wells of 2 m depth 
were placed near the edge of the field to monitor the water table level. During the field experiments 
the water table was below the 2 m depth and was not recorded. 
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Table 1: Soil properties in the study area 
Sand (%) Silt (%) Clay (%) Ks (cm/day) 


66.8 19.2 14.0 0.3 


Table 2: Hydraulic and van Genuchten parameters in the soil column 


Os Or a n m Field Capacity Wilting Point 
cm? cm? cm? cm? 1/m cm? cm? cm? cm? 
0.37 0.16 2.59 1.67 0.4 0.345 0.16 


2.2 HYDRUS model setup 

The HYDRUS model (Šimůnek et al. 2008b) applies the Galerkin finite element method to discretise 
the soil profile in vertical one-dimension domain and simulate the unsaturated and transient water 
flow under the presence of a crop. A soil column of 1 m height was considered by placing a 
computational node every 1 cm. A variable time step was used; initial, minimum and maximum time 
steps were set up to 0.01, 0.001 and 0.01, respectively. Uniform soil moisture of 0.25 was used as the 
initial condition of the simulation considering the precipitation events prior to the simulation. The 
simulation period was from | April to 31 August 2008. 


The water movement in the unsaturated soil zone is described with the mixed form of Richard’s 
equation (Eq. 1): 


a0 


i= iko (2+1)]-se.0 o 


where @ is the volumetric water content (cm? cm °); A is the water pressure head (cm); t is time (day); 
z is the vertical coordinate (cm); K is the hydraulic conductivity (cm day '); and S is root water uptake 
(cm? cm ° day !). 


In this HYDRUS application, the soil-hydraulic functions of van Genuchten (1980), who used the 
statistical pore-size distribution model of Mualem (1976), are used to obtain a predictive equation for 
the unsaturated hydraulic conductivity function in terms of soil water retention parameters. The van 
Genuchten expressions are formulated as: 


O6s—Or 
O(h) = {er + Gary <0 (2) 
o, h> 0 
a"? 
K(h) = KS! f — (: — sr) (3) 
0-6, 
Se = E2 (4) 


where @; is the saturated water content (cm? cm”); 6; is the residual water content (cm? cm”); Ks is 
the saturated hydraulic conductivity (cm day`!); Se is the effective water content; and a, n, m are 
relative empirical parameters, where m=/-//n and lis the pore-connectivity parameter and is assumed 
to be about 0.5 as an average for many soils. 


The boundary conditions in the soil column were set up in the HYDRUS environment. The upper 
boundary condition includes the inflow from precipitation and irrigation and the outflow from 
evaporation and is given by: 
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an 
-k (Z+ 1) = q(t) z=0 (5) 
where qo is the net inflow or outflow (mm/day). 


The lower boundary condition is simulated as a free drainage condition, as the water table was not 
recorded in any of the two wells placed near the field, and is expressed as: 


Oh 
3z =0 z = 100 cm (6) 


2.3 Evapotranspiration and irrigation 

The reference evapotranspiration was calculated using the Penman-Monteith equation as 
recommended by FAO (Allen et al. 1998). Actual evaporation (Ea) is calculated by HYDRUS based 
on potential evaporation (Ep) and soil water content using Beer’s Law (Ritchie 1972; Childs 1975). 
Potential evaporation is calculated using Eq. 7. 


Ep = EToe ^ (7) 


where ETo is the reference evapotranspiration (cm), k is the constant for the radiation extinction by 
canopy and LAI is the leaf area index adapted to the four crop growth stages by data obtained by 
Antonopoulos (2000). 


Root growth was modelled using the Verhulst-Pearl logistic growth function (Eq. 8) supposing that 
50% of the growth is reached at the middle of the growing season. The root growth coefficient is 
expressed as: 


Lo 
Lo+@m-Lo)e7** 


ft) = (8) 


where Lo is the initial value of the rooting depth at the beginning of the growing season, r is the 
growth rate, Lm is the maximum rooting depth and f is the time. 


HYDRUS couples the aforementioned growth function with the root distribution model of Hoffman 
and van Genuchten (1983). The potential water uptake distribution function in the soil root zone, b(x), 
is given by: 


1.66667 


5 x >L—O0.2Lp 
R 
Oe E x € (L — Ly, L — 0.2Lp) (9) 
LR ER 
0 x<L—Lp 


where x is the soil coordinate measuring from the bottom of the soil column, L is the maximum length 
of soil column and Lz is the root depth. Therefore, the root depth, Lr, is the product of the maximum 
rooting depth, Lm, and the root growth coefficient, f- (Simtinek and Suarez, 1993a). 


Actual transpiration (Ta) is considered equal to the root water uptake assuming that plants use a minor 
water quantity for tissue building. Actual transpiration was calculated using the Feddes water uptake 
reduction model (Feddes et al. 1976). 


Ta = S(z,t) = a(h,z)B(2)T, (10) 
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where S is the water volume removed from the soil volume per time by plant water uptake, a is the 
root water uptake stress response function (-), A(z) is the function of root water uptake distribution 
(cm’') and T, is the potential transpiration (cm). 


Irrigation is simulated within HYDRUS by triggering an irrigation event each time the pressure head 
at a selected computational node, which was arbitrarily selected at 10 cm below soil surface, drops 
below the value of -3950 cm. This pressure value was selected through a trial and error procedure 
and intended to replicate the irrigation practices followed in the field experiments in terms of the 
average irrigation dose and the irrigation date. 


3. RESULTS 


3.1 Model calibration 

The calibration of the model was performed by using a set of parameters for saturated hydraulic 
conductivity (i.e. 0.3, 0.03 and 3 cm day"), saturated water content (i.e. 0.37, 0.42 and 0.47 cm? cm” 
3) and irrigation dose, and by comparing graphically and statistically the modelled soil moisture with 
measurements and modelled irrigation doses with the experimental ones. Table 3 shows the final 
selected set of model parameters. 


Table 3: Calibrated model parameters 


Os O, a n m = l-1/n l Ks 
cm? cm? cm? cm? 1/m cm/day 
0.42 0.16 2.59 1.67 0.4 0.5 0.3 


Figure 2 compares the modelled and measured mean soil moisture in the soil column for the 
simulation period (1 April to 31 August 2008). Modelled soil moisture is considerably varied by 
increasing rapidly in the initial stage of the simulation due to precipitation events and then follows a 
gradual decline until the irrigation events begin. The soil moisture estimated by the model is 
comparable with the soil moisture measurements, especially in terms of the response of the model to 
irrigation and precipitation events. Considering the statistical criteria, the average mean error, root 
mean square error and the mean absolute error are 1.25, 4.65 and 3.62 cm? cm?, respectively, 
suggesting that the efficiency of the model is fairly good and model results are acceptable. A different 
model setup involving a non uniform soil profile is expected to increase model performance and it 
will be the focus of further research. 


Figure 3 shows the irrigations doses and the date at which irrigation was applied in the field 
experiments and the corresponding ones simulated by the model. The total amount of irrigation water 
estimated by the model is 40.8 cm and is quite comparable with the total irrigation water applied in 
the field experiments, which was 40.5 cm. The interval among irrigation dates estimated by the model 
do not quite match with experiment data set, mainly because the irrigation module of HYDRUS does 
not allow using a variable value for the irrigation dose. 


3.2 Soil water balance assessment 
The soil water balance can be expressed by Eq 11. 


P+I=AS+E+T+D (11) 


where P is precipitation (cm); / is irrigation (cm); 4S is the soil water change; E is evaporation (cm); 
T is transpiration (cm); D is deep percolation (cm) that recharges groundwater. Water balance 
parameters estimated by the model are shown in Figure 4 for each month and summarized in Table 4 
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for the simulation period. Crop evapotranspiration (E+T) is estimated to 67.2% of the total water 
inflow (P+J). The evapotranspiration is considerably higher than precipitation during the crop 
growing period, except for April, and thus sufficient irrigation water should be applied to fulfil the 
crop water requirements. 


36 


Mean Soil Moisture (%) 
(J 


modeled @ measured 


Time (days) 
Figure 2: Soil moisture in soil column estimated by the model and field experiments 
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Figure 3: Irrigation doses applied in field experiments and simulated by the model 


Table 4: Water balance parameters for the simulation period 


P (cm) I (cm) AS (cm) ET (cm) 


14.66 40.8 -6.88 37.25 
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Figure 4: Monthly water balance parameters estimated by the model 
4. CONCLUSIONS 


Irrigated agriculture consumes a significant amount of available water resources in the summer period 
- when water availability is decreased in Greece - and thus irrigation water management is necessary 
both for the protection of environment and for the maintenance of agricultural income. This paper 
evaluates the irrigation activities applied in an experimental field located at an irrigation network of 
the River Strymonas basin. For that, the HYDRUS model was used to simulate the flow in the 
unsaturated soil zone of a maize field and to estimate the irrigation dose, the irrigation interval and 
the variation of soil moisture for the cultivation period. HYDRUS model was proved capable to 
simulate the soil water movement in the experimental field by providing useful information related 
to water balance parameters and assisting to irrigation water management in the area. Further 
development of this work will focus on modelling single irrigation events to find more efficient 
solutions for various soil types and crops in the area as well as the involvement of inverse modelling 
towards an efficient calibration of the model based on the soil moisture measured in situ at several 
depths as well as the average moisture in the soil profile. 
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Abstract 

Land use, land-use change and forestry (LULUCF) sector plays an important role in climate change 
mitigation and is a key element in Paris agreement. Long-term goal of carbon neutral economy in 
second half of this century depends on LULUCF ability to sequestrate greenhouse gases (GHGs) 
emissions in biomass and soil. With reference to the Paris Agreement, accounting rules of GHG 
emissions and removals in LULUCF sector has been heavily discussed recently in the European 
Union, seeking of trustworthy inclusion in the assessment of Union’s GHG emission reduction target. 
Therefore, paper aims to analyze Lithuanian situation regarding LULUCF sector and total GHG 
balance from the climate change perspective. For this, changes in greenhouse gas emissions and 
removals in Lithuania have been studied during years 1990 - 2015. Lithuania’s total GHG emission 
balance has changed significantly since 1990, with more than twice decreased emissions till 2015. 
LULUCF sector absorption was increasing since 1990 and was equal around 1/3 of total country 
emissions in 2015, removals were mainly composed of carbon sequestration in forest land. However, 
mainly the basic level of estimations (Tier! methodological level) is applied currently for GHG 
absorption and emissions potential. Therefore, more exact emission factors and other possible 
determinants (biomass demand for energy purposes, energy efficiency, economic growth) of 
LULUFC potential should be analyzed in more detail in order to make corresponding and sound 
political decisions. 


Keywords: Land-use change; GHG inventory; sequestration; emissions; removals; climate change 
mitigation; policy achievement 


1. INTRODUCTION 


Land use, land-use change and forestry (LULUCF) sector is an important contributor in climate 
change mitigation and greenhouse gas emission reduction, related to atmospheric GHG removals, 
regarding its ability to sequestrate carbon in biomass and soil (Garcia-Oliva, Masera, 2004), as well 
as substitution of biological products for fossil fuels or energy-intensive products (Smith et al., 2014; 
Sanchez, 2015). However, due to its high uncertainties, sector’s contribution to the targets’ 
achievement were under strong debates since the start of Kyoto Protocol commitments (1* KP 
Commitment period started in 2008) (Macintosh, 2011; Grassi, 2012). Sector’s contribution depends 
on the accounting rules and is previously estimated to vary from 2 % of total EU GHG emissions in 
1990 to 33 % of New Zealand’s 1990 emission level (Grassi, 2012). Regarding more detailed 
understanding, forest carbon accounting for mitigation purposes is dependent on the definition of the 
reference baseline (McKechnie et al., 2014), since the reference level has to be applied. Study in 
Europe shows that forest harvesting for bioenergy use led to a slight decrease in the soil carbon 
equilibrium but significantly increased the mitigation effect through bioenergy use (Perez-Cruzado 
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et al., 2012). Due to the specific nature of the sector and high uncertainties as well as significant 
importance to cover other sectors’ GHGs emissions, LULUCF accounting rules have been updated 
in 2011 before the second Kyoto Protocol Commitment period (UNFCCC, 2012). Kyoto Protocol 
has established the possibility to account credits from GHG sequestration in forestry and agricultural 
activities (Garcia-Oliva, Masera, 2004). Credits from afforestation and reforestation activities were 
proposed under the Clean Development Mechanism to cover part of the GHG emission reduction 
target under Kyoto Protocol commitment (UNFCCC, 2013). Furthermore, one of the latest policy 
changes in EU intends to include LULUCF sector into overall GHG emission reduction target after 
2020 (post Kyoto). EU is taking a significant step forward to implement Paris agreement goals with 
the proposal of Effort Sharing Regulation (European Commission, 2016a) and the so called LULUCF 
regulation (European Commission, 2016b). Proposal of LULUCF regulation provides guidelines to 
include GHG emissions/removals from LULUCF sector and maintains similar rule as in Kyoto 
Protocol requirements: emissions from the sectors accounting categories should be covered with 
respective removals (European Commission, 2016b). Climate scientists state (Bötther, Graichen, 
2015), that LULUCF inclusion into overall target would mean lower efforts from other sectors: after 
the removals from LULUCF are accounted (sequestration effect assessed), 40 % emission reduction 
target would actually mean only 35 %. In addition, other scientists claim that turnover to renewal 
energy sources and exceptionally biomass would also affect LULUCF climate change mitigation 
potential (Frank et al., 2016). Hence, these factors might be of importance to include for estimation 
of LULUCF potential in climate change mitigation target achievement altogether with land-use 
change induced carbon sequestration in pools. 


2. MATERIALS AND METHODS 


Methods used in this study consists of policy and GHG accounting changes analysis, total and sectoral 
(LULUCF) GHG emissions and removals analysis in 1990 - 2015 in the line with LULUCF role in 
climate change mitigation goals achievement. 


Lithuanian GHG emissions and removals in land use, land-use change and forestry sector for 1990 - 
2015 were estimated using 2006 IPCC Guidelines (IPCC, 20060 with several national carbon stock 
factors and default emission factors values. Activity data for LULUCF GHG estimation was obtained 
from various databases and data sources. Most of the data is obtained from National forest inventory 
measurements, which contains area estimates of different land uses and changes between land uses 
and growing stock volume change. Additional activity data of areas is collected from State Forest 
Cadastre (aerial data of forest land and newly afforested/reforested areas), data from National Paying 
agency (declared agricultural land areas), Geological Survey of Lithuania (areas of peat extraction 
lands), Statistics of Lithuania, etc. GHG emissions and removals were estimated for 5 main pools: 
biomass, dead wood and litter (forest land category), mineral and organic soils. In addition to the 
carbon stock changes in abovementioned pools, greenhouse gas emissions from biomass burnt in 
wildfires (forest land, cropland and grassland categories), emissions due to the drainage of organic 
soils and nitrogen oxide emissions due to the carbon loss in mineral soils were estimated for the 
whole-time series. Emissions and removals from other sectors were obtained from submitted for 
United Nations Framework Convention on Climate Change Secretariat on 14 April 2017 
(Lithuania’s National Inventory Report, 2017). 


Statistical analysis was performed in order to estimate the most important categories under land use, 
land-use change and forestry sector and sector’s impact to the overall country GHG emissions. 


3. CLIMATE CHANGE AND LULUCF RELATED POLICY 
Accounting rules of LULUCF has been at least slightly changed for each of the commitment period. 
Accounting in the terms of anthropogenic GHG emissions and removals means calculation of annual 


(or at the end of commitment period) GHG emissions and removals under certain conditions, for 
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instance, for Kyoto Protocol LULUCF categories it is either net-net accounting, gross-net accounting 
or business as usual (BAU) accounting. Net-net accounting means total GHG emissions/removals in 
reporting year minus the value of the reference year/period, meaning that for the accounting reported 
GHG emissions or removals shall be compared to the reference year/period GHG emissions or 
removals to evaluate the change (country’s accomplishment). On the contrary, gross-net accounting 
is the total GHG emissions or removals change in the accounting period without comparison to the 
reference year/period value. BAU accounting is the most controversial and arguable way to account 
GHG emissions and removals in the accounting category (Macintosh, 2011; CAN Europe, 2016) — 
reported GHG emissions/removals are compared to the projected GHG emissions or removals in that 
category for that certain year or period (European Commission, 2016). Despite the changes in 
accounting rules between commitment periods, core “no debit” rule remains. “No debit” rule has been 
applied in the 2"! KP CP (UNFCCC, 2012) and maintained for post-Kyoto EU legislation in order to 
provide reliable and comparable country’s GHG emissions/reductions data (European Commission, 
2016), meaning that sector’s emissions from sources shall not exceed corresponding sector’s 
removals by sinks. 


The commitment under the Kyoto Protocol, contained in Article 3, paragraph 1, requires each Annex 
I Party (Annex I parties - developed countries with targets to reduce emissions) to ensure that its total 
emissions over the commitment period do not exceed its allowable level of emissions, the so called 
Party’s assigned amount (UNFCCC, 2008). LULUCF sector was not included in the GHG emission 
reduction target, however, the requirements for KP LULUCF sector was established. Under the rules 
set in the decisions of Conference of the Parties of the UNFCCC (15/CMP.1, 17/CMP.1, 2005) 
mandatory reporting of Kyoto Protocol Article 3.3 activities (afforestation/reforestation and 
deforestation, A/R/D) and optional reporting on article 3.4 activities (forest management (FM); 
grazing land management (GM); cropland management (CM)) was established, with the aim to use 
removal units (RMU’s) for balancing assigned emission amount. Kyoto Protocol LULUCF 
accounting categories slightly differ from UNFCCC LULUCF reporting categories, due to its activity 
based nature, while LULUCF categories are land-based. 


For the second commitment period under Kyoto Protocol reporting, accounting rules for KP 
LULUCF sector were slightly updated (6/CMP.9, 2013) to apply “no debit” rule and business as usual 
accounting for forest management category which became mandatory, however, only up to 3.5 % of 
total country’s base year emissions could be used from accounted FM credits to RMU’s — FM credits 
were ,,cap’ed“. Forest management reference level is based on projection of GHG emission/reduction 
changes in 2013 — 2020 using the historical (1990 — 2009) data on forest resource use, management 
practice and most recent forest age class distribution as well as growing stock volume increment 
values. The EU’s current 2020 greenhouse gas reduction target of -20% below 2005 emissions level 
does not include GHG emissions nor removals from LULUCF sector, due to the heated debate on 
how removals from LULUCF sector should be treated to transparently indicate its contribution to the 
overall target. At the same time, KP LULUCF sector is included in the EU Kyoto Protocol’s targets 
(UN, 2012). After the long discussions between climate scientists, NGO’s, politicians and other 
stakeholders, starting in 2014 (European Council, 2014), accounting rules to include LULUCF sector 
into EU’s target achievement were agreed in negotiations between European Parliament and 
Commission in the end of 2017. Proposal for Regulation of LULUCF inclusion in EU target 
achievement (European Commission, 2016) sets rules of accounting of GHG emissions and removals 
from LULUCF categories until 2030. Changes from 2™ Kyoto Protocol commitment period cover 
changes from activity-based (KP LULUCF) to land-based (LULUCF) accounting, keeping the “no 
debit” rule for the accounted categories and “cap” for the forest management (forest land remaining 
forest land) category as in 2" Kyoto Protocol commitment period. Adoption of the LULUCF 
regulation altogether with Effort Sharing regulation will provide EU member states both the 
possibility to cover GHG emissions from sectors with least mitigation potential with LULUCF credits 
and sets the requirement to keep LULUCF carbon stock in balance, compared to the historical level. 
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4. GHG EMISSIONS AND REMOVALS IN LITHUANIA 


4.1 lLand-use changes and LULUCF GHG removals 

Land use matrix has significantly changed since 1990 after the collapse of Soviet Union, which 
resulted in abandonement of large agricultural areas (decreased cropland resulted in increasing 
grassland areas). Land-use change pattern has turned over after 2005, when application of Common 
Agricultural Policy measures started in Lithuania (Ministry of Agriculture, 2017). Forest land area 
is constantly increasing in Lithuania, both due to the human induced afforestattion/reforestation and 
natural forest expansion and has increased more than 3.5% since 1990 (State Forest Service, 2016). 
Currently forests in Lithuania cover 33.5% of total country area (State Forest Service, 2016) with 
agricultural land (cropland and grassland) covering another 50 % of total country area. 


LULUCF sector has been a net sink of greenhouse gas emissions in Lithuania almost for the whole 
reporting period (1990 — 2015), except for the 1996 and 1997 when LULUCF was a net source of 
emissions (Figure 1). Emissions in 1996 and 1997 were the result of repetitive droughts and 
consequent pests (Ips Typographus) invasion which caused huge damages and death of spruce stands 
in Lithuania (Vasiliauskas, 2015). Greenhouse gas removals in LULUCF sector varies significantly 
during the inventory time period, depending presumably on climate related factors, economic 
situation, affecting land-use changes and biomass use for wood products. Three most important 
subcategories in LULUCF sector are forest land, cropland and grassland, covering most of the country 
territory — approx. 90 % of the total country area, with the increasing share of forest land subcategory 
harvested wood products (Figure 1). While forest land acts as a net carbon sink, sequestrating carbon 
in biomass, cropland has been acting as a net source of emissions due to intensive use of soils (mineral 
and organic). It should be noted, that changes in cropland and grassland GHG emission and removals 
depend directly on changes between those two categories — reduction of GHG emissions in cropland 
during 1990 — 2005 resulted from changes of cropland to grassland enhancing carbon sequestration 
in mineral soils. 
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Figure 1. Total GHG emissions/removals in Lithuania during 1990 — 2015, kt CO2 eqv. 
Data from Lithuania’s National Inventory Report, 2017 


4.2 Total Lithuania’s GHG emissions and target achievement 

Tendencies of greenhouse gas emissions and removals in all economic sectors of Lithuania and ratio 
between total GHG emissions and removals in LULUCF sector are presented in this part of the study. 
Figure 2 shows total Lithuania’s GHG emissions trend during 1990 — 2015 and LULUCF potential 
to sequestrate GHG emissions in biomass and soil if no accounting rules are applied (total reported 
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country removals) and if 2" Kyoto Protocol Commitment period accounting rules are applied (KP 
LULUCF accounted removals). 
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Figure 2. GHG removals by LULUCF sector in Lithuania during 1990 — 2015, kt CO2 eqv. 
Gross domestic product at market prices values - chain linked volumes (2010), million euro 
Data from Lithuania’s National Inventory Report, 2017 


GHG emissions were significantly decreasing in Lithuania since 1990 and have reached half as its 
value in 2015 comparing to 1990. Lithuania has overachieved its target for 1* Kyoto Protocol 
commitment period — GHG emissions in 2012 were reduced more than 50% instead of required 8%. 
Increase in GHG emissions in overall Lithuanian GHG balance was observed during the economic 
upturn period until 2008, as it can be seen from Figure 2. LULUCF sector, due to its nature, is less 
dependent on economic situation, whereas its emissions and removals vary according to the natural 
conditions — removals in LULUCF sector drastically decreased in 1996 and 1997 due to the 
abovementioned adverse natural conditions (Figure 1, Figure 2). Total land use-related sector in 
Lithuania could absorb nearly 40% of net country’s emissions in some years (without application of 
specific accounting rules), therefore LULUCF contribution to achieve Paris agreement commitment 
is of the most importance (Figure 2). 


However, the picture of accounted GHG removals in Lithuania is significantly different if Kyoto 
Protocol 2™ commitment period accounting rules are applied. GHG removals would decrease more 
than half if estimated forest management reference level is applied (estimated in 2011, recalculated 
in 2013 and 2015, included under EU decision 529/2013/EU), comparing to the bare LULUCF 
removals. Forest management reference level for Lithuania is -5474 kt CO2 eqv., taking into account 
technical recalculations which took place in 2013 and 2015. Accounted GHG removals from 
LULUCE sector under 2™ Kyoto Protocol commitment period could cover from 17 % (in 2013) to 
14 % (in 2015) of total other sectors’ emissions. LULUCF role in climate change mitigation target 
achievement increases with increasing emissions from other sectors, especially after 2020, when 
Lithuania’s national target for non-ETS sectors (not taking part in EU emission trading system) is set 
to be -9%, comparing to 2005, which could be difficult to implement with economic growth. 


5. DISCUSSION AND FUTURE OUTLOOK 


As mentioned before, LULUCF sector is very complex and its total GHGs removals may depend not 
only on human-induced actions, but also natural circumstances, such as extreme climate events. 
However, despite its complexity and high uncertainty, sector’s potential to participate in climate 
change mitigation is undeniable through its direct carbon sequestration and substitution effects 
(Nabuurs et al., 2017). 
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Changes in LULUCF sector’s weight in total Lithuania’s emissions and removals balance is related 
to both decreased emissions from other sectors - energy, industrial processes and product use, 
agriculture, waste and increased GHGs removals in LULUCF sector. There is a strong connection 
between LULUCF and agriculture sectors - with increasing cropland areas (since 2005) emissions 
from agriculture sector also increased and now plays an important role (nearly 1⁄4 of total country’s 
emissions in 2015) in the overall GHG emission balance in Lithuania, therefore complex measures to 
decrease GHGs emissions and enhance carbon sequestration in land-use related sectors are needed. 
Taking into account policy changes, enhanced carbon sequestration in LULUCF sector is of utmost 
importance, due to the need of keeping the “no debit” rule and possibility to cover part of other 
sectors’ emissions with LULUCF credits. It should be highlighted, that forestry sector shall maintain 
good balance of carbon sequestration, sufficient wood supply for industry and biomass supply for 
energy purpose, keeping in mind EU’s 27% renewable energy target until 2030 (COM, 2014). 
Lithuania has already exceeded EU renewable energy source (RES) target in 2016, reaching more 
than 25% of RES in total energy consumption (Ministry of Energy, 2017). In addition to the RES 
target, adopted climate change mitigation strategies (2030 climate and energy framework) in EU 
(COM, 2014) work proactive in enhancing the role of harvested wood products, as it may have a 
significant impact to climate change mitigation not only due to the sequestrated carbon locked in 
long-term wood based products (furniture, buildings, etc), but also due to the reduced use of less 
climate friendly materials (substitution effect) (Bottcher, Graichen, 2015). Harvested wood products 
pool should be considered for further incentivising in Lithuania also due to the significant role in 
Lithuanian economy, covering 4.7% of country’s gross domestic product (State Forest Service, 
2016). Energy efficiency target is also strongly related to renewable energy target and harvested wood 
products promotion; therefore, energy efficiency trends should be of importance in further LULUCF 
climate change mitigation potential evaluation. 


LULUFC sector plays an important role in climate change mitigations policy. Depending on the 
accounting rules and applied emissions factors, national achievements might significantly differ. 
Therefore, more detail analysis including accurate emissions factors and other determinants of net 
emissions from this sector are needed. 
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Abstract 

In recent years, climate change policies have put special emphasis on climate adaptation strategies, 
alongside climate mitigation strategies, in an effort to address the inevitable impacts of climate 
change. Many European countries have proceeded with the elaboration of adaptation strategies at the 
national, regional and local levels, while many cities have prepared their adaptation strategies or have 
incorporated adaptation options into their spatial planning strategies. The sustainable development 
principles as well as the risk management approach have largely determined the character of these 
strategies. At the same time, of key importance are the spatial dimensions of climate adaptation 
strategies, since climate change impacts are territory-specific and are mostly addressed at the local 
and regional levels. 


In Greece, climate change mitigation is included in the targets set by the country’s strategy for 
sustainable development launched in 2002. Provision for the country’s National Adaptation Strategy 
(NAS) was first made in line with its EU cohesion policy and climate policy commitments and has 
been ratified in 2016. Subsequently, the specifications of the regional plans for climate adaptation 
have been prepared by the competent ministry, in order to promote the elaboration of such plans. 


This paper seeks to examine the above-mentioned developments in the field of climate change 
adaptation in Greece. It examines the character of the NAS as well as the emerging characteristics of 
the regional plans for climate adaptation, especially in relation to sustainable development principles 
and the risk-management approach. Particular emphasis is placed on the spatial dimensions of the 
plans which are considered critical for both the implementation of plans and their linking with spatial 
planning at the local and regional levels. 


Keywords: Regional adaptation strategies, Climate adaptation strategies in Greece, Spatial planning 
1. INTRODUCTION 


Concern about climate change adaptation has accentuated in recent years, due to the fact that on the 
one hand the impact of climate change is becoming all the more evident and on the other hand 
prospects for climate change mitigation face significant constraints. Adaptation is defined as “The 
process of adjustment to actual or expected climate and its effects. In human systems, adaptation 
seeks to moderate or avoid harm or exploit beneficial opportunities. In some natural systems, human 
intervention may facilitate adjustment to expected climate and its effects” [IPCC, 2014]. These 
adjustments may have a behavioural, technological, regulatory, institutional, or financial character. 
Moreover, they may be proactive or reactive, with the majority of them being reactive, at least in 
Europe, where “implemented adaptation measures are more of reactive nature, that is to say they do 
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not anticipate climate change impacts, but rather react to those impacts once they manifest" 
[Venturini, Medri and Castellari, 2012, p. 28]. Adaptation strategies can be developed by various 
bodies that extend from the world community to individuals, and at various levels, from the global to 
the household. Two types of adaptation strategies can be discerned, namely collective and individual, 
with the latter being less efficient in addressing climate change impacts [Eikelboom and Janssen, 
2013]. The inadequacies of individual reaction to climate change impacts raise the need for 
reinforcing collective reactions from the global to the local level. Adaptation strategy “for a country, 
region or municipality refers to a general plan of action for addressing the impacts of climate change, 
including climate variability and extremes. It may include a mix of policies and measures, selected to 
meet the overarching objective of reducing the country’s vulnerability’ [EEA, 2016a]. The 
characteristics of and challenges for climate adaptation strategies with respect to their spatial 
structure, particularly in Greece, are outlined below. 


2. CLIMATE ADAPTATION STRATEGIES 


Climate change, despite being a global phenomenon, has strong territorial dimensions which are 
reflected in the spatial dimensions of climate policies. This is much more true of climate adaptation 
policies due to the fact that they deal with climate change impacts that occur in certain territorial areas 
and are mainly addressed by territorial authorities. Climate adaptation policies are implemented from 
the local to the national and global level (Martins and Ferreira, 2011), with local areas facing the 
greater challenges. According to Aakre and Riibbelke [2010, p. 161], adaptation “requires many 
levels of decision-making (EU, national, regional, local)”. 


At the EU level, following the White Paper on adaptation [CEC, 2009], the EU Strategy on 
Adaptation to Climate Change was adopted in 2013 with the aim of enhancing “the preparedness and 
capacity to respond to the impacts of climate change at local, regional, national and EU levels, 
developing a coherent approach and improving coordination” [EC, 2013]. It is stated in the strategy 
that, “in view of the specific and wide ranging nature of climate change impacts, [...] adaptation 
measures need to be taken at all levels, from local to regional and national levels” (ibid.). Some 
preliminary findings of the assessment of this strategy indicate that “it delivered its individual 
objectives, with progress recorded against each of the individual actions. At the same time “the need 
for an intensification and extension of the scope of action” is stressed [EC, 2017b]. 


In general all levels of adaptation strategies have distinct, albeit interconnected roles which are the 
first to reveal their spatial dimensions. Interconnections between the levels of adaptation strategies, 
either predefined or ad-hoc ones, are also representative of the spatial dimensions. At the national 
level climate adaptation commitments are made in relation to the supranational and transnational 
context (UN and EU). It is then, at the national level, that the adoption of global targets, guidelines 
and commitments is made, as it happens with climate mitigation. On the other hand, the local level is 
considered to be “the most important level for implementing national and regional adaptation 
strategies and related amendments to planning laws. This is due to local responsibilities for urban 
development and building permissions, but also to the fact that the population, in general, has more 
trust in local authorities” [Greiving and Fleischhauer, 2012, p. 37]. As for the regional level, it could 
be considered crucial in linking national and local levels, while at the same time specific adaptation 
strategies, which concern the relationship between urban and peri-urban space as well as between 
natural and human ecosystems, can be applied at this level. More particularly, these are defined as 
follows: 


e A National Adaptation Strategy (NAS) “is a long term vision or general plan of action for 
addressing the impacts of climate change, including climate variability and extremes” [Swart et 
al. cited in Termeer, Biesbroek, and Van den Brink, 2012]. 


e A Regional Adaptation Strategy (RAS) is “the combination of possible measures that help 
develop from a current state of a region to one that better manages, adjusts to or copes with climate 
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change. The development of an adaptation strategy is an iterative, continuous learning process” 
[Eikelboom and Janssen, 2013, p. 2]. 


e A Local Adaptation Strategy (LAS) concerns local areas, usually cities or local territories with 
specific geomorphological characteristics (coastal, mountain etc.). Despite the fact that they are 
highly dependent on national adaptation strategies, local adaptation strategies have a long 
tradition that extends from the first Local Agenda 21 [Hamin and Gurran, 2011]. Several 
initiatives have given rise to local adaptation strategies since then. This is the case of the ICLEI 
(International Council for Local Environmental Initiatives) as well as of the Covenant of Mayors 
Initiative. 


The overall characteristics of adaptation strategies, namely their status, content and structure, their 
interlinkages, as well as the way they address sustainability and promote their objectives, relate to 
their spatial dimensions. 


With regard to the way the sustainable development dimension appears in each one of the three 
types/levels of adaptation strategies, a National Adaptation Strategy (NAS) should adopt the 
sustainability principle among its key objectives, which in turn characterizes adaptation strategies at 
all levels. Regional Adaptation Strategies (RAS) can be considered capable of addressing the 
relationship between environmental values and climate change impacts, which means that issues 
pertaining to territorial organization and environmental protection are given priority. Local 
Adaptation Strategies (LAS) are suitable for the implementation of sustainable solutions in practice 
such as green infrastructure. 


Concerning the status of adaptation strategies, the question arises for all the three types/levels as to 
whether or not they constitute single and integrated policy domains. In other words, the question is 
whether they only set the overall context, e.g. in the form of a policy document [Hamin and Gurran, 
2011] or whether they also have institutional and funding instruments at their disposal to promote 
adaptation. 


The types of adaptation options are crucial. Among the various categorizations of adaptation 
responses the one suggested by the European Environment Agency (EEA) identifies three broad 
categories: “technological solutions — grey measures; ecosystem-based adaptation options — green 
measures; behavioural, managerial and policy approaches — soft measures”. It is noted that “Green 
and soft measures specifically aim at decreasing the sensitivity and increasing the adaptive capacity 
of human and natural systems, basically, building resilience” [EEA, 2010]. It is then through the 
notion of resilience that a connection with sustainable development can be made. 


A description of the structure of adaptation strategies can be found in the climate adapt platform of 
the EU [EEA, 2016b] as well as in the guidelines document on Regional Adaptation Strategies (RAS) 
conducted on behalf of the European Commission [Ribeiro et al., 2009]. This structure is closely 
related with the method and steps for their preparation and implementation. The climate adapt 
platform of the EU has prepared the climate adapt tool to assist various users in preparing their own 
strategies and plans at all levels. It suggests the following six steps: “Preparing the ground for 
adaptation; assessing the risks and vulnerabilities to climate change; identifying adaptation options; 
assessing adaptation options; implementation; monitoring and evaluation” [EEA, 2016b]. In the same 
direction the guidelines document on RAS identifies the following factors for a successful RAS: 
“Meaningful and sustained stakeholder engagement” (participation of public authorities, citizens and 
stakeholders); “Use and dissemination of appropriate information” (specification of information from 
the national and transnational level as well as collection of information at the local level); “Awareness 
Raising” (leaders make RAS widely known in close cooperation with stakeholders, aiming to increase 
resilience); “Monitoring, Evaluation & Review” (on the basis of the objectives set); and “Successful 
management of multilevel governance” (vertical coordination between the levels of governance and 
horizontal coordination between sectoral interests) [Ribeiro et al., 2009, pp. 17-18]. 
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When it comes to the implementation stage, the issue arises as to which means are available for 
promoting climate adaptation strategy in practice. Both institutional and funding instruments should 
be utilized, however, the way these are embedded within overall governance and funding structures 
vary among countries. Three cases can be discerned: 


e Identifying climate adaptation (and mitigation) as a distinct policy domain, possibly within the 
framework of a wider policy. In many countries climate adaptation strategies are translated to 
adaptation programmes within the context of environmental policy. For instance, in the case of 
England the legislative framework for climate change is being specified by particular programmes 
and actions [Carina and Keskitalo, 2010, pp. 103-105]. 


e Mainstreaming adaptation to various other policies of either a developmental or a regulatory 
character such as regional policy and regional spatial planning [Thoidou, 2017]. For example in 
Finland, which is a pioneer in developing a National Adaptation Strategy, “On the one hand, at 
the national level, the NAS predominantly concentrates on administrative sectors by 
mainstreaming adaptation. On the other hand, the lower levels of governance are pursuing their 
separate climate strategies that are based on voluntary initiatives with little input from the national 
level” [Juhola, 2010, p. 149]. 


e Emphasizing disaster risk reduction as a means of immediate response to the need to confront 
climate adaptation impacts. Following Greiving and Fleischhauer [2012, p. 37] “Issues which are 
related to climate change adaptation are in many cases communicated through disaster 
management, which is usually better established than spatial planning. Therefore, adaptation is at 
least indirectly addressed in those countries that do not yet have an adaptation strategy, such as 
Greece and Poland”. 


As regards the relationship between sectoral and spatial approaches, in most cases the former have a 
key role, as climate change has an indispensable impact on a variety of sectors. A great deal of work 
is being undertaken all over the world in order to analyse and forecast impacts as well as to identify 
solutions. Territorial specification of this work is then dependent on the specificities of each country’s 
characteristics such as governance structure. At the same time the role of spatial planning in 
addressing climate change impacts, particularly at the initial stages of adaptation planning, has been 
accentuated [Greiving and Fleischhauer, 2012; Davoudi, Crawford and Mehmood, 2009]. Spatial 
planning can serve as a policy framework which is capable of coordinating various policies and 
actions on a territorial basis as well as planning future developments on a territorial basis [Thoidou, 
2013]. On the other hand, adaptation reflects a climate-sensitive approach with a wider view to risk 
prevention and management that is important for spatial planning per se. 


3. ADAPTATION STRATEGIES IN GREECE 


Adaptation strategies in Greece are being developed at the national and the regional level. As in all 
countries, the first official documents on climate change in Greece in the early 2000s were dedicated 
to climate mitigation, in accordance with commitments made within the UN and the EU framework. 
The successive National Communications to the UN Framework Convention on Climate Change 
(UNFCCC) are the most representative documents in this respect. Even though they refer to the 
national level, they do include several references to particular territorial areas regarding climate 
adaptation, which could be considered to be a way of responding to the need for an adaptation policy 
with a spatial approach. It was only in 2016 that the study for NAS was ratified by law for a 10-year 
period, under the competence of the Ministry of Environment and Energy, following commitments 
made within the EU. The key objectives of NAS are the following (MEEN, 2016): 


“(1) Systematizing and improving decision making process (short and long term) regarding 
adaptation (2) Linking adaptation with the promotion of a sustainable development pattern through 
regional/local action plans (3) Promoting adaptation policies and actions in all sectors of the Greek 
economy with an emphasis on the most vulnerable (4) Creation of a mechanism for monitoring, 
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evaluation and updating of adaptation policies and actions (5) Strengthening adaptive capacity of the 
Greek society through information and awareness raising actions”. 


The preparation of Regional Adaptation Action Plans (RAAPs) started in 2017 in accordance with 
provisions made by the above-mentioned law. Following the drafting of specifications by the 
competent ministry, the Plans for the 13 NUTS II regions of the country are being launched by the 
corresponding regional authorities. In RAAPs “the sectors and territorial areas of priority are 
identified and measures and actions for them are proposed with the aim of: avoiding impacts, reducing 
the intensity and extent of impacts, and restoration” [MEEN, 2017]. The evaluation of proposed 
measures and actions should be made against these aims, while the key objectives of the Plans are 
connected with those of NAS. 


Both national and regional adaptation strategies refer to each other. In the NAS it is declared that due 
to its strategic role the feasibility and prioritization of specific measures and actions either on a 
sectoral or on a territorial basis is a task not for the NAS but rather for the 13 RAAPs, which should 
take into account the specificities of each region. In the same way NAS is considered to be the guiding 
framework for RAAPs [MEEN, 2017]. 


Local adaptation strategies are not in the official agenda. However a variety of adaptation options are 
being implemented at the local level, such as the bioclimatic upgrade of open public spaces in cities 
and the protection of biodiversity in protected areas. Many local authorities have undertaken action 
in the context of the EU climate adapt networks such as the Covenant of Mayors Initiative. 


The dimension of sustainability in NAS is declared in the form of “a sustainable development pattern” 
that constitutes one of its key objectives. Sustainable development in RAAPs is not referred to as 
such, but it is included in specific themes such as that for “Fauna — Flora and Protected areas”. It is 
noted that adaptation objectives should be linked to other objectives which pertain to sustainability 
such as green development and prudent use of water resources [MEEN, 2017]. 


Both NAS and RAAPs are in the form of a study. NAS was prepared by the Ministry in cooperation 
with the Climate Change Impacts Study Committee of the Bank of Greece and was exceptionally 
endorsed by law as a public strategy [EC, 2017a]. NAS is a strategic orientation document. Therefore, 
a question arises as to whether it follows the strategic planning approach, according to which 
emphasis should be placed on the process of setting the objectives and promoting implementation, 
above all by enhancing participatory procedures. RAAPs follow a rather different course: studies are 
commissioned by regional authorities and performed by experts, a process which is currently in 
progress. 


As far as their content is concerned, all the above-mentioned three categories of adaptation options 
are included in the measures proposed by NAS. The emphasis placed on green infrastructure in the 
context of the ecosystems approach is perhaps the most innovative among them. Provision is also 
made for grey infrastructure and technological solutions. In RAAPs grey infrastructure has a key role, 
with the emphasis on climate-proof solutions being one of the innovations introduced, probably in 
accordance with NAS, while green infrastructure is less evident. Provision is also made for soft 
measures in both strategies. As far as the structure of the strategies is concerned, the main pillars of 
the NAS are the following: “Analysis of climate risk and vulnerability of the Greek territory; 
adaptation measures in fifteen sectors; instruments for the evaluation of adaptive investments and 
policies; instruments for mainstreaming of adaptation policy into wider policy domains; the 
international dimension; the enhancement of adaptive capacity; consultation with stakeholders; and 
monitoring and revision of adaptation policies” [MEEN, 2016, p. 93]. RAPPs consist of the following 
steps: “Analysis of objectives; overview of natural and human environment; evaluation of expected 
climatic changes and climate vulnerability of sectors and territorial areas; estimation of direct and 
long term impact of climate change in various environmental and socioeconomic domains; proposed 
measures for priority sectors and territorial areas; examination of mainstreaming of measures into 
other policies; examination of the compatibility of RAAP with other regional plans, examination of 
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the compatibility of RAAP with those of neighbouring regions; way of consultation; way of raising 
awareness; monitoring of implementation” [MEEN, 2017]. 


It is evident that both NAS and RAAPs follow the main steps suggested by the above-mentioned 
adaptation tools. As regards the participatory process which has a key role in shaping an adaptation 
strategy [Ribeiro et al., 2009], in the case of NAS it was confined to formal public consultation. This 
could be related to the fact that NAS was drafted by organizations which, despite their high scientific 
performance, do not have competencies in participatory governance. In the specifications’ document 
for RAAPs, the role of participatory processes is stressed, at both preparation and implementation 
stages. This is not unrelated to the fact that adaptation strategy at the regional level falls under the 
competence of regional self-government which can enable participatory processes for drawing up the 
strategy. Finally, a shortcoming could be argued to be the fact that the role of the local level in 
adaptation planning is yet not so clear. 


The characteristics of adaptation strategies are related to their institutional status. One question is 
whether and to what extent these strategies have a binding character and, furthermore, whether they 
constitute single policy domains with their own institutional and funding instruments. Some evidence 
can be drawn from the way the implementation of adaptation options is pursued. The following ways 
can be found in the chapter “Adaptation in practice” of the NAS document [MEEN, 2016, pp. 75, 
85]: 


e Adaptation policies should be mainstreamed into wider policy domains (prevention of natural 
disasters, policies for food, infrastructure, energy, transport, quality of life in cities, protection of 
biodiversity, and so on). Linking adaptation with mitigation efforts especially in the energy sector 
is also a way of promoting adaptation. Closely related with this is the introduction of the criterion 
of “climate-resilient investment” in all stages of approving and funding of any investment. It is 
argued that “In nowadays’ recession and budgetary constraints an autonomous policy of 
adaptation investments could not be justified. “Climate resilient investments’ will be increasingly 
mainstreamed into individual sectoral policies. This entails deep transformations in the decision 
making on investments” [MEEN 2016, p. 74]. 


e Risk prevention and management is also very important, due to its long tradition in the country. 
The civil protection law (No 3013/2002) aims at “protecting life, health and properties against 
natural [...], technological [...] and other disasters which cause emergency situations at times of 
peace”. In recent years civil protection has been developed within the Hyogo framework (2005- 
2015) and the Sendai framework (2015-2030). 


e Other ways of promoting adaptation options include the transnational and transboundary 
dimension of adaptation, improving adaptive capacity through research, education and raising 
awareness, as well as consultation with stakeholders. In the same way, mainstreaming adaptation 
action into other policies, above all in the policy for natural disaster management, as well as 
establishing the criterion of “climate-resilient investment” are also foreseen with regard to the 
implementation of the measures proposed by RAAPs [MEEN, 2017]. 


In the NAS, the sectoral dimension is of major importance while a clear spatial dimension is not 
particularly evident. The action “land use regulation” is included in the section “Biodiversity and 
Ecosystems” under the logic of land protection and ecosystem services. References to the spatial 
planning context are made in relation to the need for mainstreaming adaptation into various polices 
as well as the need to link adaptation and mitigation policies. Particular reference is made to coastal 
zones and transnational - transboundary areas. The role of cities and consequently of urban planning 
with an emphasis on green infrastructure is stressed in the section “Built environment”. 


The spatial dimension is more evident in the RAAPs and particularly in the part relating to the 
evaluation of expected climatic changes and the climate vulnerability of sectors and territorial areas. 
Priorities and measures proposed by RAAPs are also specified on a territorial basis, along with the 
sectoral one, while coastal zones are particularly emphasized. Specific provision is made for the role 
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of spatial plans at all levels, from regional to local. As noted in the evaluation document of the whole 
adaptation policy of the country, “the RAAPs will propose ways to integrate adaptation into existing 
strategies, policies and plans, including urban and spatial (land/sea) policies and plans”, while 
projections and assessments about climate change impacts will be useful inputs for spatial planning 
[EC, 2017a, p. 16]. 


At the same time, from the view point of spatial policies, an awareness of climate adaptation can be 
observed, especially in the two parallel policy contexts that constitute regional policies in Greece, 
namely regional spatial planning and regional development policy with the latter having a significant 
influence in terms of funding [Thoidou, 2017]. However, as Cartalis et al. (2017) note, the 
potentialities offered by development programmes have not been fully exploited due to the fact that 
national spatial plans have not yet been updated to explicitly address the dimension of climate change 
adaptation. 


In the context of the ongoing evaluation of the EU's Strategy for Adaptation to Climate Change a 
draft country fiche was prepared which assess the state of play within the country. As noted in this 
document “Despite the significant progress made in the last two years, there are still significant needs 
with regard to policy coordination, development and dissemination of good practice, and most 
importantly in terms of capacity building” [EC, 2017a, p. 5]. 


4. CONCLUSIONS 


Having as its starting point recent developments in the field of climate change adaptation, this paper 
shortly presented adaptation strategies in Greece with a view to their spatial characteristics. The 
development of these strategies in the country is quite recent. National Adaptation Strategy was 
ratified in 2016 and Regional Adaptation Strategies are at the preparation stage in the form of RAAPs. 
A hierarchical structure with spatially differentiated roles of the two strategies can be observed. The 
spatial dimensions of both strategies are rather limited, especially in NAS which has adopted a 
sectoral approach. The local level seems to be a part of the regional level, without having a distinct 
role in the making of adaptation strategies and the same can be said about urban adaptation strategies. 
At the same time the role of spatial planning in promoting climate adaptation is widely acknowledged 
by both strategies. Hierarchical structure is reflected in the formal way participatory processes are 
applied, which does not strengthen adaptive capacity. This goes in tandem with shortcomings 
regarding the status and the strategic character of both strategies. As far as sustainable development 
is concerned, the provision made by NAS [MEEN, 2016] for “linking adaptation with the promotion 
of sustainable development through regional/local action plans” remains general and it is expected to 
be specified through RAAPs. 


Innovative elements introduced by adaptation strategies have to do with their structure and the way 
they translate objectives into practice. Especially noteworthy is the emphasis placed on green 
infrastructure as well as the so-called climate resilient investments. Mainstreaming adaptation action 
into various policies as a means of promoting adaptation is stressed perhaps for the first time. At the 
same time, the risk management policy seems to keep its key role in dealing with climate change 
impacts, which indicates a reactive approach. 


Overall, climate adaptation strategies at various territorial levels in Greece are at an initial stage, 
therefore there is not enough evidence to estimate their characteristics and performance. As concluded 
for the European level [ESPON CLIMATE, 2010, p. 77], “it appears that policy developments are 
evolving in an interactive fashion between the central and the regional government”. This entails a 
twofold challenge: on the one hand the elaboration of adaptation strategies at all levels in an 
interconnected way, and on the other hand the elaboration of these strategies in the context of a 
territorial governance approach that goes beyond formal competences and promotes an open 
participatory process at all levels, from national to local. Possible improvements of adaptation 
strategies in Greece may include an active role for the local and especially the urban level, as well as 
an accentuation of the role of spatial planning in climate adaptation action at all levels. Moreover, 
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citizen and stakeholder involvement in all types and levels of the adaptation process is crucial, in 
order that the prevailing top-down approach can be complemented by a bottom-up one. 
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Abstract 

It is widely accepted that climate change poses a potential threat for urban environments, thus is one 
of the largest challenges for humanity nowadays. The most common effect of climate change is the 
Sea Level Rise (SLR), which develops in the long run and is directly connected to extreme weather 
conditions at the coastal zone level. Coastal zones are most affected by extreme weather phenomena 
caused by SLR. The understanding of the potentially dire impacts of climate change has resulted in 
the widespread use of the resilience concept. This study examines methods of spatial analysis that 
can introduce the variable of climate change to the landscape architecture analysis with the intention 
to enhance resilience in the design process. The study reports the results of the application of a 
methodology for the assessment of the vulnerability of coastal areas to SLR due to climate change. It 
also allows identifying critical areas to this phenomenon and providing a useful classification of the 
coastal areas in the selected study areas. Introducing Geographical Information System (GIS) 
techniques and spatial analysis, the study approaches a methodology of determining coastal zone 
vulnerability for Thermaikos and the Corinthian Gulf. Both case studies are vulnerable due to 
accelerated SLR, high erosion rate that threatens urban areas and protected ecosystems on the coastal 
zone. For the determination of the Coastal Vulnerability Index (CVI) geologic and physical variables 
were considered. The CVI is giving results towards an evaluation of the likelihood that physical 
changes may occur. The study attempts to introduce resilience on the coastal zone by identifying the 
most vulnerable areas to SLR and consider them as an indispensable support for landscape 
architecture projects and spatial intervention. 


Keywords: Resilience, SLR, Coastal zone, Soft infrastructure, GIS, Spatial analysis, CVI 
1. INTRODUCTION 


The impact of climate change and its consequent phenomena are in the centre of the discussion 
regarding urban resilience. Climate is defined as long-term averages and variations in weather 
measured over a period of several decades. Its effects have already been quite observable on the 
environment through Sea Lever Rise (SLR), the melting of the Greenland ice sheet, the greenhouse 
effect, causing intense droughts and floods, mean temperature rise and extreme weather conditions. 
As the cities become vulnerable to climate change, their ability to adapt to expected or unexpected 
changes defines their resiliency [Vale and Campanella, 2005]. Spatial analysis is a means of recording 
the vulnerabilities or strengths of the environment and enables the understanding of space. The 
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Geographical Information System (GIS) techniques can relate spatial or geographic data with 
unrelated information, such as climate change effects, by using location as the key index variable. 


It is common ground, that the first step to coastal protection against SLR is the spatial analysis and 
quantification of the coastal erosion that takes place. In order to produce such results, the study looks 
into literature for creating indices that can follow this principle. 


Gornitz et al. (1991) argues that one of the most common worldwide methods of assessing coastal 
vulnerability is the Coastal Vulnerability Index (CVI). The study of Dwarakish et al. (2009) has been 
carried out with a view to calculate the Coastal Vulnerability Index (CVT), in order to identify the 
high and low vulnerable areas and area of inundation due to future SLR, as well as the land loss due 
to coastal erosion. The study of Doukakis (2005) has used CVI to map the relative vulnerability along 
the coastline of western Peloponnese. The CVI calculation used physical contributors in order to 
highlight the regions with maximum SLR effects and following, each CVI was computed on digitized 
maps for comparison reasons. Using percentiles the coastline was grouped based on the vulnerability 
extend. 


This study uses the CVI in order to examine the coastal zone of two gulfs (Thermaikos and the 
Corinthian Gulf) where the coastline is of a different morphology (closed gulf) than the above 
mentioned studies. The study areas are characterized by densely populated coastlines, resulting in a 
high risk in case of a future SLR. The aim of the study is to figure out whether it is possible to extract 
results about CVI in areas other than linear coastlines and in small scale study areas. During this study 
both conventional and remotely sensed data were used. 


1.1 Coastal Vulnerability 


1.1.1 Characteristics of the coastal zone 

The coastal zone is historically important, as the space where human activity has developed 
throughout the centuries. This theory is proved by the fact that two thirds of the planet’s total 
population live within a distance of few kilometres from the coastline, given its socio-economic and 
ecological importance. Coastal ecosystems are highly productive, rich in biotopes of fauna and flora. 
Additionally, they work as a natural defence against the destructive forces of the sea. 


However, the coastal zone faces pressures that alter its structure. These pressures can be distinguished 
in two types, natural and anthropogenic processes, which in many cases cause irreversible effects in 
the coastal landscapes. A noticeable natural process is the coastal erosion that can cause full or partial 
remodelling of the landscape and tidal waves. Anthropogenic factors are the unregulated urban 
development, loss of ecosystems and biodiversity, pollution, landscape degradation, depletion and 
pollution of water resources. The above mentioned are common characteristics at most of the coastal 
areas worldwide. Adding to these pressures, climate change causes short-term effects, as analysed 
following. 


1.1.2 Climate change and coastal vulnerability 


Climate change has several impacts on urban environments with SLR being the most crucial for the 
coastal zone. SLR develops over time due to thermal expansion, as causing the occurrence of extreme 
weather events in the coastal zone. It is indicative of the magnitude of the impact on urban 
environments, that 60% of the world's population lives within a distance of 60 kilometres from the 
coastline, while 11 of the largest cities in the world are in coastal low-altitude areas [Bergdoll and 
Nordenson, 2011]. 


SLR is a phenomenon that progresses over time, affects coastal, island regions, as well as areas 
adjacent to Delta Rivers and causes compulsory migration of the population. It will lead to an increase 
in the frequency of phenomena that are now characterized as extreme flooding. Krestenitis et al., 
(2015) pointed out that due to the higher water level, the frequency and intensity of floods due to 
heavy storms will increase dramatically. 
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In this context, coastal vulnerability is defined as the composition of the risk of a natural coastal 
system and the risk of the socio-economic system due to climate change [Doukakis, 2007]. The 
impacts of SLR on a natural coastal system depend on its vulnerability to these, its adaptation, as well 
as its strength. Adaptability and strength describe its physical stability in changes. In particular, the 
strength expresses the ability of the system to resist to a possible disturbance, while adaptability 
expresses the speed with which the system returns to its original condition. The ability of the coastal 
system to respond and adapt to extreme changes mitigates its vulnerability and develops its resiliency 
for the future. 


2. METHODOLOGY 


2.1 Variables 

Complexity in the form and functions of coastal zones does not favour the development of a coastal 
vulnerability model with general application. Additionally, data used for the analysis of the variables 
of a coastal vulnerability model show high variability in different spatial scales. Hammar-Klose and 
Thieler (1999), argue that for a more comprehensive study of coastal vulnerability it is considered 
that large-scale variables (waves, tides, sea-level trends) should be mapped with relatively good 
accuracy, while small scale variables (geomorphology, coastal slope, shoreline change rate) should 
allow the perception of their effects on the coast. 


Historic shoreline change, geomorphology, coastal slope, mean tidal range, mean significant wave 
height and global SLR are the six variables to the CVI calculation. The CVI allows these six variables 
to be related in a quantifiable manner that expresses the relative vulnerability of the coast to physical 
changes due to future sea level rise. The CVI calculation yields numerical data that cannot be equated 
directly with particular physical effects. However, it does highlight areas where the various effects of 
SLR may be the greatest. The six variables are classified into two groups, the Geologic variables and 
the Physical variables [Dwarakish et al., 2009]. 


The geologic variables include (a) historic shoreline change, (b) geomorphology and (c) coastal slope. 
The physical variables include (a) mean tidal range, (b) mean significant wave height and global SLR. 
Once each section of the coastline is assigned a vulnerability value for each specific data variable, 
the CVI is calculated as the square root of the product of the ranked variables divided by the total 
number of variables: 


CVI= Ee (1) 


where a: geomorphology, b: shoreline change rate (m / yr.), c: coastal slope (%), d: mean tidal range 
(m), e: mean significant wave height (m), f: global SLR (mm / yr.) 


Actual variable values are assigned a vulnerability ranking based on value ranges, whereas the non- 
numerical geomorphology variable is ranked qualitatively according to the relative resistance of a 
given landform to erosion (Table 1). 


2.1.1 Geomorphology 

The geomorphology variable expresses the relative erodibility of different landform types. The 
ranking is on a linear scale from 1 to 5 in order of increasing vulnerability due to SLR. Data from 
Joint Research Centre (JRC) European Soil Data Centre (ESDAC) were used and in particular the 
soil erosion by water dataset (RUSLE2015). From this dataset the layer of soil erodibility (ERODI) 
was selected, which relates to the soil erodibility factor (K-factor). 
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Table 1: Ranges of vulnerability ranking for both study areas 


a/a Variable Ranking of coastal vulnerability 
Very low Low Moderate High Very high 
1 2 3 4 5 
Medium ‘ ; 
Rocky cliffed | cliffs, Low: “chs |. glial eae 
a Geomorphology : a . | deposits, beach mud 
coasts indented lateritic plain : ; 
alluvial plain | flats 
coasts 
Shoreline 
b erosion/accretion >+15 +5 to +15 -5 to +5 -15 to -5 <-15 
(m/ yr.) 
c Coastal Slope (%) | >0.6 0.5-0.6 0.4-0.5 0.3-0.4 <0.3 
d a tide HANES i 3.0-4.0 2.0-3.0 1.0-2.0 <1.0 
ei eset. a a E 0.7-1.4 1.4-2.1 2.1-2.8 >2.8 
wave height (m) 
pr eae sea TNT ES eae 1.8-2.5 2.5-3.0 3.0-3.4 >3.4 
(mm/ yr.) 


2.1.2 Shoreline change rate 

The value of this variable was retrieved from literature and the study of Doukakis (2007), since the 
available data is not detailed enough in order to provide accurate results in the study area’s scale. The 
study shows that for a large number of coastal areas in Greece, an annual shoreline change rate is 
calculated slightly more than -1.0 m / yr. With a horizon of 50 (2050) or 100 years (2100), a mean 
rate was calculated resulting an annual rate of — 1.76 m / yr. (intensive erosion) and at - 0.14 m/ yr. 
(low erosion). 


2.1.3 Coastal slope 

Determination of the regional coastal slope identifies the relative vulnerability of inundation and the 
potential rapidity of shoreline retreat [Dwarakish et al., 2009]. The coastal slope was calculated by 
defining a distance of 12 km perpendicular to the coastline, 6 km towards the sea and 6 km towards 
shore. The selection of the coastal zone distribution, as well as the classification of the slope was 
based on literature. The bathymetric data was retrieved from the EMODNET (Portal for Bathymetry- 
Bathymetry Viewing and Download Service), and DEM topography data was retrieved from curves 
interpolation digitized from 1: 100000 GIS maps. The two raster files were delimited within the study 
area and were then converted into joined slope data giving the total coastal slope. 


2.1.4 Mean tidal range 

Mean tidal range carries the information of the potential influence of storms on coastal evolution, and 
their impact relative to the tide range. In Greece generally, the literature [Doukakis, 2007] explains 
that tidal waves especially for small-scale study areas is negligible. This can be explained by the fact 
that a micro tidal coastline is essentially always ‘‘near’’ high tide and therefore always at the greatest 
risk of inundation from storms. 


2.1.5 Mean significant wave height 

Mean significant wave height information was retrieved from the COPERNICUS system and the 
MEDSEA ANALYSIS _ dataset FORECAST WAV_006_011, using the layer “Spectral layer 
significant wave height-mean significant wave height”. Daily data was used from each last day of the 
month, for one year (systematic sampling), which we compiled to get the average maximum and 
minimum values in the study areas. 
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2.1.6 Mean sea level rise 

A sea level rise would directly result in a corresponding higher shift to the zone of wave action on 
the beach. According to the projected SLR for Low Emissions (RCP2.6) of the European 
Environment Agency, a mean sea level rise is expected for the Thermaikos Gulf about 0.3-0.4mm / 
yr., while for the Corinthian Gulf, 4-0.5mm / yr. 


2.2 Study areas 

The study areas where CVI is calculated are Thermaikos (northern Greece) and the Corinthian Gulf 
(south-west Greece). Their selection was based on literature research [Doukakis, 2007], since they 
are considered areas with significant impacts from climate change. 


Figure 1: The study areas of Thermaikos Gulf (left) and the Corinthian Gulf (right) 


The intense erosion of the Corinthian Gulf coastline - nowadays - on the one hand and the hazard 
scenarios of the coastal zone of the Thermaikos Gulf on the other, both imply the threat of the coastal 
zone from human activities and increases vulnerability to SLR. As mentioned in the study of 
Doukakis (2007) the Thermaikos Gulf west area is particularly vulnerable. Thermaikos is considered 
the third most threatened Mediterranean region from SLR after the Nile Delta and the Gulf of Venice. 
At the same time, the Corinthian Gulf faces very significant erosion problems, setting the coastal 
zone particularly fertile for further study. 


The two study areas have a high population density in their coastal zone and are strongly related to 
socioeconomic activities. At the same time, their location favours research, as different climatic 
conditions prevail, but also a different degree of exposure to natural phenomena, varied 
geomorphology and landscape. They also both consist of different ecosystems (delta river, long 
coastline), adding to variegated results. 


2.3 Variables’ ranking in buffer zones 

The variables that were analysed in chapter 2 were assigned in polygons defined through buffer zones 
in the study area and thus CVI was calculated for these zones. Buffer zones are defined as areas of 
influence of the coastline. Each buffer zone is partitioned in polygons per 5 km in a straight line, 
taking into account their structure (small bays, estuaries, rivers) so that the polygon information is 
proportionally equal. Polygons with special coastline structure are assigned as one in order to retain 
the characteristics. 


The 5km distance was set for this particular scale to provide the best possible variability of data, while 
pointing out the micro scale coastline qualities. Additionally, the detail of the available data is applied 
to the size of the polygons. The buffer zones for the two study areas were numerically separated as 
shown in Figure 2: 
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Figure 2: Thermaikos Gulf (left) and the Corinthian Gulf (right) with buffer zone and the 
numbered polygons used for the assignment of the values per variable 


3. RESULTS 

3.1 Variables’ classification 

Regarding geomorphology, no available data for coastal erosion models was retrieved. In order to 
extract relatively detailed results we used the model of soil erodibility factor that was quite detailed. 
The soil erodibility factor was used for the different erosion tendencies, with the results shown in 
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Figure 3: Thermaikos Gulf (left) and the Corinthian Gulf (right) erodibility classification 


The shoreline change rate is calculated slightly more than -1.0 m/ yr. [Doukakis, 2007] as explained 
in the Chapter 2.1.2; therefore both study areas belong to the class number 4. The calculation of 
coastal slope was retrieved with gradient values that have a maximum value for Thermaikos Gulf 
0.33%, while for the Corinthian 1.78% (Figure 4). 
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Figure 4: Thermaikos Gulf (left) and the Corinthian Gulf (right) coastal slope classification 
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The tide value in Greece reaches a maximum height of 0.3 m and is therefore included in the category 
5 of very high vulnerability (mean tidal rate less than 1 m.) In the Corinthian Gulf, values for the 
mean significant wave height vary from 0.095 m up to 0.17 m and in Thermaikos Gulf from 0.157 m 
up to 0.59 m. The classification in the case of study areas is limited in the category of very low 
vulnerability, due to values less than 0.7 m. Value 5 is given in regions with average significant wave 
height greater than 2.8 m. As a result, the value for both study areas is defined as: 1- minimum 
vulnerability < 0.7 m. In both study areas, the mean sea level rise is classified as with very low 
vulnerability, since its values are less than 1.8 mm / yr., which is the least compared with the 
Dwarakish et al., (2009) study. 


Providing a specific value for each polygon of the coastline, the CVI has been calculated using Eq. 
(1). The calculated CVI value for the Thermaikos Gulf varies from 6.20 to 8.62 and for the Corinthian 
Gulf from 6.67 to 9.04 (Figure 5). The classification was made on a 5-pronged scale to indicate 
differentiation within the study areas. Also, the distribution of values is made equally in 5 classes per 
study area rather than comparing the two study areas to each other. As a result, areas of minimum 
and very high vulnerability are related to the values of the area itself. The average coastal vulnerability 
value for the Thermaikos Gulf is 7.16 and for the Corinthian Gulf 7.53, while the standard deviation 
is 1.08 and 0.69 accordingly. 


tepon 
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Figure 5: The vis alisation of the CVI results for Thermaikos Gulf (left) and the Corinthian 
Gulf (right) added with the Natura areas and the main cities in the surrounding area 


4. DISCUSSION 


Regarding GIS and spatial analysis, this study attempted to highlight their valuable contribution in 
analysing landscapes, especially in cases of changes that are unable to be measured. Presenting 
various changes as concrete facts through numbers can make a decisive contribution to understanding 
these phenomena, while at the same time facilitating their transmission to the general public. Through 
a widen understanding the environmental issues can have a recognition that will inspire collaboration 
between designers / architects and the public. The coastal vulnerability index in its depiction is an 
understandable image for the public and gives the opportunity to open the discussion. Therefore, it is 
proposed to be researched further and in depth, in order to point out the necessary tools for coastal 
zone protection. 


The present study was an attempt to combine a landscape architecture analysis and design process 
with the realistic impacts of climate change. The methodology though, faced several difficulties in 
providing an accurate result. The choice of the study areas led to a very large coastline with not much 
detailed data for variables as the shoreline change rate. The scale of the data was hard to apply to a 
length of several kilometres, since the available data could not depict the complexity of the coastline. 
Variables such as geomorphology are appropriate to be used in large scale study areas (Doukakis, 


676 


Protection and restoration of the environment XIV 


2007), yet the retrieved data did not include information on the coastal area itself providing relative 
results. 


The CVI analysis should probably better be applied in specific coastline parts with higher interest 
(e.g. highly-densed or nature-protected areas). The land use could also be a variable in order to 
provide results on the risk level of the coastal areas, adding to the information on vulnerability and 
providing a social aspect on the final result. Compared to the Dwarakish study (2009) the results 
extracted give a relatively good response of the study areas in future SLR with lower vulnerability 
level. The study of Doukakis (2007) extracted higher CVI results for its areas of study in Western 
Peloponnese than the present study, giving an opportunity to re-examine the present results. 


5. CONCLUSIONS 


The CVI methodology can support spatial analysis for the coastal zone, providing useful results for 
landscape architecture projects, policy making and risk management. It can be considered a support 
for spatial intervention. Areas characterised with ‘high vulnerability’ should be set into priority for 
protection as a means of prevention from future challenges due to SLR. The scale of the study areas 
and the data available are crucial to the accuracy of the results and need to be clearly set from the 
research context. Greece is a country developed by the coast and methodologies as CVI should be 
able to support its future resilience practices to respond to climate change and SLR. 
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Abstract 

Reference evapotranspiration (ET.) is an important component in water resources, agricultural and 
environmental modeling. Thus, the assessment of ET, changes in response to future climate change 
has a great impact in agricultural sector. In this study, the effect of climate change on reference 
evapotranspiration in Northern Greece, was assessed. For this purpose, the climate change scenario 
RCP4.5 based on four Earth System Models (ESMs) CanESM2, GEFDL-ESM2M, HadGEM2-ES and 
IPSL-CM5A-LR was used for the time period 2081-2100 and for the baseline period (1981-2000). 
The downscaling was performed using the weather generator ClimGen. Reference evapotranspiration 
was estimated with the use of the FAO Penman-Monteith equation. Results showed that mean annual 
reference evapotranspiration is projected to increase (from 6% up to 25%) in response to climate 
change during 2081-2100 according to the four ESMs. Regarding reference evapotranspiration of the 
irrigation period (May to September), the increase will be similar to annual, ranging from 5% to 27%. 
The results indicate that the development of adaptation strategies is necessary for the improvement 
of agricultural water management and the reduction of climate change impacts on agriculture. 


Keywords: Climate change, Reference evapotranspiration, RCPs, Earth system models, ClimGen 
1. INTRODUCTION 


Climate change is considered a major problem worldwide and its impacts on different aspects of 
social activity and on the natural environment require careful assessment. Warming of the climate 
system in recent decades is unequivocal, as is now evident from observations of increases in global 
average air and ocean temperatures, widespread melting of snow and ice, and rising global sea level 
(IPCC, 2013). The Intergovernmental Panel on Climate Change (IPCC) Fifth Assessment Report 
(ARS) projects that the global mean temperature will increase by the late 21* century (2081-2100) 
relative to 1986-2005, by 1°C to 3.7°C according to RCPs scenarios (IPCC, 2013). 


Climate warming observed over the past several decades is associated with changes on hydrological 
and meteorological systems such as: changing precipitation patterns, intensity and extremes, melting 
of snow and ice, increasing atmospheric water vapour, increasing evaporation, and changes in soil 
moisture and runoff. Evapotranspiration is affected by climate change through many processes 
beginning with the increasing concentration of greenhouse gases, followed by their impacts on large 
scale circulation and changes to the global distribution of energy and moisture. Other factors that can 
might affect ET under a changing climate include changing land cover patterns and the CO2 
fertilization effects that can limit the rate of plant transpiration under elevated levels of CO2 (Guo et 
al., 2017). 
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Climate change impact studies are usually based on projections of future climate from General 
Circulation Models (GCMs) and recently Earth System Models (ESMs) which are converted into 
reference evapotranspiration (ET) using appropriate models. The assessment of ET. changes is 
critical in understanding the impacts of anthropogenic climate change on the sector of agriculture. 
Climate projections show increases in evapotranspiration (ET) over the 21“ century because the 
evaporative demand, or ‘reference evaporation’, is projected to increase almost everywhere. Changes 
in ET are controlled by changes in precipitation and radiative forcing, and the changes would, in turn, 
impact on the water balance of runoff, soil moisture, water in reservoirs, the groundwater table and 
the salinization of shallow aquifers (IPCC, 2008). 


The objective of this study was to investigate the effect of climate change on reference 
evapotranspiration in Agios Mamas area in Greece for the end (2081-2100) of the running century. 
For this purpose, data was derived from four ESMs: CanESM2 (Arora et al., 2011), GFDL-ESM2M 
(Dunne et al., 2013), HadGEM2-ES (Martin et al., 2011) and IPSL-CM5A-LR (Dufresne, 2013) 
under RCP4.5 climate change scenario using as a baseline period 1981-2000. The selected models 
are the current generation of models used in IPCC ARS. The models performance has shown a good 
capability in representing the observed behavior in past climate (IPCC, 2013). Although these models 
can be considered a sufficient tool for future projections, no individual model clearly emerges as ‘the 
best’ overall. For this reason, a number of models with different grid resolutions, was selected for 
increasing the reliability of the future projections. Based on the data taken from the climate models, 
the downscaling of daily climate variables was performed with the use of the weather generator 
ClimGen (Stéckle and Nelson, 1999) for the generation of synthetic time series which depict the 
future change of the climate variables. Future reference evapotranspiration was estimated using the 
FAO Penman-Monteith equation for all climate models. The annual and irrigation period (May to 
September) ETs for period 2081-2100 was compared with the baseline period for the assessment of 
climate change impacts according to the different climate models used. 


2. MATERIALS AND METHODS 


2.1 Study area and data 

The impact of climate change on reference evapotranspiration was studied in Agios Mamas area in 
the prefecture of Chalkidiki in Northern Greece which is located between 40°15' latitude and 23°20' 
longitude (Figure 1). The climate in the Prefecture of Chalkidiki is mainly Mediterranean, with hot 
summers and cool winters. The study area is agricultural and meteorological data that were used to 
generate the climate change scenarios were provided by station. Furthermore, the station of Agios 
Mamas is located in low altitude and, therefore, describes better the irrigation area. The time series 
data used in this work were precipitation (mm), wind speed (m/s), actual sunshine duration (hrs), 
mean temperature (°C), and relative humidity (%) for the baseline period 1981-2000 at daily time 
step. 


2.2 RCP scenarios 

In climate research, emission scenarios are used as input to climate models to make projections of 
possible future climate change. Emission scenarios provide plausible descriptions of how the future 
may evolve with respect to a range of variables including socio-economic change, technological 
change, energy and land use and emissions of greenhouse gases and air pollutants (van Vuuren et al., 
2011). 


The Representative Concentration Pathways scenarios (RCPs) are the product of an innovative 
collaboration between integrated assessment modelers, climate modelers, terrestrial ecosystem 
modelers and emission inventory experts. The four RCPs together span the range of year 2100 
radiative forcing values found in the open literature, from 2.6 to 8.5W/m? (van Vuuren et al., 2011) 
and are supplemented with extensions (Extended Concentration Pathways, ECPs), which allow 
climate modeling experiments through the year 2300. The above scenarios are named after the 
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approximate radiative forcing (RCP2.6, RCP4.5, RCP6 and RCP8.5) relative to the pre-industrial 
period achieved either in the year 2100, or at stabilization after 2100 (van Vuuren et al., 2011). They 
include one mitigation scenario leading to a very low forcing level (RCP2.6), two medium 
stabilization scenarios (RCP4.5 and RCP6) and one very high baseline emission scenario (RCP8.5) 
(van Vuuren et al., 2011). According to the IPCC (2013) the atmospheric concentration of carbon 
dioxide (CO2) in the year 2100 is predicted to reach 490 ppm, 650 ppm, 850 ppm and 1370 for 
pathways RCP2.6, RCP4.5, RCP6 and RCP8.5, respectively. In this study, the moderate scenario 
RCP4.5 is used for the assessment of reference evapotranspiration under climate change. 


320 Moters 


Figure 1: The location of Agios Mamas in Northern Greece 


2.3 Climate models 

Climate models are the primary tools for investigating the response of the climate system to various 
forcings, for making climate predictions on seasonal to decadal time scales and for making projections 
of future climate over the coming century and beyond (IPCC, 2013). Climate models have seen a 
number of improvements with developing improved physical process descriptions, introducing new 
model components and the improving model resolution. These models allow for policy-relevant 
calculations such as the carbon dioxide (CO2) emissions compatible with a specified climate 
stabilization target (IPCC, 2013). Many models have been extended into Earth System Models 
(ESMs) by including the representation of biogeochemical cycles important to climate change. ESMs 
are the current state-of-the-art climate models and are the most comprehensive tools available for 
simulating past and future response of the climate system to external forcing, in which 
biogeochemical feedbacks play an important role (PCC, 2013). Climate model simulations for the 
IPCC Fifth Assessment Report (AR5) are based on the fifth phase of the Coupled Model 
Intercomparison Project (CMIP5) which incorporates the latest versions of climate models, the Earth 
System Models, and focuses on the new scenarios RCPs. 


In this study, CanESM2, GFDL-ESM2M, HadGEM2-ES and IPSL-CMS5A-LR models under the 
newly developed RCPs were used for assessing climate change impact. CanESM72 is an Earth System 
Model developed at the Canadian Centre for Climate Modelling and Analysis (CCCma). The 
atmospheric component of CanESM2 uses the spectral transform method with T63 resolution in the 
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horizontal (2.81 long x 2.79 lat) and has 35 vertical levels and the ocean component has a horizontal 
resolution of 1.418 x 0.948 (long x lat) (Arora et al., 2011). GFDL-ESM2M is a global coupled 
climate-carbon Earth System Model developed at the National Oceanic and Atmospheric 
Administration (NOAA)/Geophysical Fluid Dynamics Laboratory (GFDL). The model, on land, 
includes a revised land model to simulate competitive vegetation distributions and functioning, 
including carbon cycling among vegetation, soil, and atmosphere and in the ocean, new 
biogeochemical algorithms including phytoplankton dynamics (Dunne et al., 2013). This model has 
an atmospheric horizontal resolution of 2.5 x 2.0 (long x lat) and its ocean component has a horizontal 
resolution of 1.0 x 1.0 (long x lat). The HadGEM2-ES of the Met Office Unified Model (MetUM) 
includes atmosphere, ocean and sea-ice components and an Earth-System (ES) component which 
includes dynamic vegetation, ocean biology and atmospheric chemistry (Martin et al., 2011). 
HadGEM72-ES has an atmospheric horizontal resolution of 1.875 x 1.25 (long x lat) that equates to 
about 140 km at mid-latitudes. The ocean component has a horizontal resolution of 1.0 x 1.0, with 
latitudinal resolution increasing smoothly from 30 N/S to 0.33 at equator. The IPSL-CMS5A model 
developed at Institute Pierre Simon Laplace (IPSL) is an Earth System Model (ESM). This model 
includes an interactive carbon cycle, a representation of tropospheric and stratospheric chemistry, and 
a comprehensive representation of aerosols (Dufresne, 2013). IPSL-CM5A-LR is a low resolution 
version of IPSL-CM5A model with atmospheric horizontal resolution of 3.75 x 1.89 (long x lat). 


2.4 Downscaling with weather generator - ClimGen 

There is a great need to develop downscaling methods which establish relationships between local 
weather variables and the large-scale ESMs’ outputs for climate change impact assessment. 
Stochastic weather generators are statistical models used to produce synthetic weather time series, 
which are expected to be statistically similar to the observed weather time series for a location of 
interest (Georgiou and Karpouzos, 2017; Koukouli et al., 2018). They are usually combined with 
hydrological and environmental models for water resources and environmental management and 
more often as downscaling tools to produce high-resolution climate change projections (Chen and 
Brissete, 2014). The weather generators compared to other statistical downscaling methods have the 
advantage of producing an ensemble of equiprobable realizations of climate change projections for 
analyzing risk-based environmental impacts (Chen and Brissete, 2014). ClimGen (Stéckle and 
Nelson, 1999) is a daily time step stochastic model that generates daily precipitation (mm), maximum 
and minimum temperature (°C), solar radiation (MJ/m7day), maximum and minimum relative 
humidity (%) and wind speed (m/s) data series which preserve the statistical characteristics of the 
historical weather data. The model requires inputs of daily series of these weather variables to 
calculate the parameters used in the generation process for any length of period at a location of 
interest. ClimGen has produced promising results for the generation of weather data for various 
climatic conditions (Stéckle and Nelson, 1999). 


2.5 Estimation of reference evapotranspiration 

Given the likelihood of future change in the global hydrological cycle, clear understanding of ET 
dynamics is vital for the assessment of impacts of future climate change on water and subsequent 
implications for the agricultural sector. Reference evapotranspiration (ET) is the evapotranspiration 
from a crop with specific characteristics and which is not short of water (McMahon et al., 2013). 
Among the methods available to estimate ETo, the Food and Agricultural Organisation of the United 
Nations (FAO) recommends the use of the Penman-Monteith equation (Allen et al., 1998) which is 
known as FAO Penman-Monteith method, as it directly incorporates the relevant meteorological 
variables which control evapotranspiration. It is often referred to as a combinational method, as it 
combines the energy balance and mass transfer components of evapotranspiration, and takes into 
account vegetation-dependent processes such as aerodynamic and surface resistances (Guo et al., 
2017). This method is the most reliable where sufficient meteorological data exist, but that in certain 
climatological environments and where empirical calibrations are robust, less data-intensive methods 
can also provide reliable approximations of ET. (Kingston et al., 2009). The FAO Penman-Monteith 
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equation is based on temperature, net radiation, wind speed and relative humidity. Adopting the 
characteristics of a hypothetical reference crop (height=0.12 m, surface resistance=70 s/m and 
albedo=0.23), FAO Penman-Monteith equation is described as follows (Allen et al., 1998): 


0.408-A-(R, -G)+y- ay “Uy (es -ea ) 

Tarpt 273 

ET = -——aHHHhoyvs MMMM (1) 
At+y-(1+034-u,) 


where ET, is the reference evapotranspiration, (mm/day), Rn is the net radiation (MJ/m?day), G is the 
soil heat flux (MJ/m7day), y is the psychrometric constant (kPa/°C), es is the saturation vapour 
pressure (kPa), ea is the actual vapour pressure (kPa), A is the slope of the saturation vapour pressure 
- temperature curve (kPa/°C), Tmean is the mean daily air temperature (°C) and uz is the mean daily 
wind speed at 2 m (m/s). 


3. RESULTS AND DISCUSSION 


This study was focused on the impact of climate change on the reference evapotranspiration (ET) of 
Agios Mamas in Northern Greece. For this purpose, weather data from CanESM2, GFDL-ESM2M, 
HadGEM2-ES and IPSL-CM5A-LR Earth System Models under the climate change scenario RCP4.5 
were used for the climate change period 2081-2100 and for the baseline period (1981-2000). 


Based on the data derived from the four climate models, the downscaling of a 20-year data set (1981- 
2000) of daily climate variables including precipitation (Pr), maximum and minimum temperature 
(Tmax, Tmin), Solar radiation (Rs), maximum and minimum relative humidity (RHmax, RHmin), and wind 
speed (u2) performed using the weather generator ClimGen for the generation of synthetic time series 
which depict the future change of the climate variables. The change between the baseline period and 
the period of climate change 2081-2100 was calculated for the different climate variables. According 
to that change, the historic data series of the study area was perturbed. The perturbed time series then 
was used by ClimGen for the generation of an ensemble of synthetic time series of the weather 
variables which preserve the statistic characteristics of the historic time series. The generated and 
observed weather data series were compared in order to confirm the statistical consistency. Finally, 
this ensemble of synthetic time series of climate variables was used for the estimation of an ensemble 
of reference evapotranspiration (mean annual and irrigation period) time series of the study area. 


First the change in temperature is analyzed since it is a critical variable for the estimation of 
evapotranspiration. In Table 1, the mean annual temperature and mean temperature during the 
irrigation period of Agios Mamas under RCP4.5, based on CanESM2, GFDL-ESM2M, HadGEM2- 
ES and IPSL-CMS5A-LR models, for the period of climate change 2081-2100 and for the baseline 
period 1981-2000, are presented. The models’ projections indicate that mean annual temperature will 
increase by the end of the 21“ century. 


The predicted increases during 2081-2100 will be by 3.04°C (CanESM2), 1.08°C (GFDL-ESM2M), 
3.83°C (HadGEM2-ES) and 3.39°C (IPSL-CMS5A-LR) compared to the baseline period 1981-2000. 
The rise in temperature of the irrigation period is projected to be by 3.89°C (CanESM2), 1.69°C 
(GFDL-ESM2M), 4.62°C (HadGEM2-ES) and 3.29°C (IPSL-CM5A-LR). The greatest rise, both in 
annual and irrigation period temperature, is projected by HadGEM2-ES model while the lowest by 
GFDL-ESM2M. It is observed that the increase in mean temperature during the irrigation period will 
be slightly greater compared to the annual, according to the climate models with the exception of 
IPSL-CM5A-LR. 


Box plots of mean temperature change (°C) under RCP4.5 projected by the four different climate 
models are shown in Figure 2 concerning a) annual and b) irrigation period temperature. The increase 
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in mean annual and irrigation period temperature, projected by the models is obvious according to 
the box plots. HadGEM2-ES model has the greatest maximum and mean value among all models, 
indicating that the above model gives the highest increase in annual and irrigation period temperature. 
The lowest maximum and mean value is observed according to GFDL-ESM2M showing the lowest 
rise in annual and during the irrigation period temperature among the models used. According to the 
box plots analysis, the largest spread in distribution of the mean temperature is observed for GFDL- 
ESM2M climate model for both annual and irrigation period. 


Table 1: Differences in mean annual and irrigation period temperature (°C) of Agios Mamas 
according to CanESM2, GFDL-ESM2M, HadGEM2-ES and IPSL-CM5A-LR under RCP 4.5 
during 2081-2100 in relation to 1981-2000 


Mean Temperature (°C) 


Historical RCP4.5 2081-2100 
Ag. Mamas Climate Models 
1981-2000 CanESM2 GFDL-ESM2M HadGEM2-ES_ IPSL-CMS5A-LR 
14.42 17.46 15.50 18.25 17.81 
Annual 
AT mean 3.04 1.08 3.83 3.39 
Irrigation 21.99 25.88 23.68 26.61 25.28 
period = ATimean 3.89 1.69 4.62 3.29 


In Table 2, the mean annual and irrigation period reference evapotranspiration of the study area under 
RCP4.5 projected by the climate models CanESM2, GFDL-ESM2M, HadGEM2-ES and IPSL- 
CMS5A-LR for the period of climate change 2081-2100 and for the baseline period (1981-2000), are 
depicted. It can be noted that all climate models predict an increase of mean annual reference 
evapotranspiration during the period 2081-2100 compared to the historical period. CanESM2 projects 
a rise in annual ET, by 181 mm, GFDL-ESM2M 60 mm, HadGEM2-ES 262 mm and IPSL-CM5A- 
LR 195 mm. HadGEM2-ES gives the highest increase in annual ET> of 25% while GFDL-ESM2M 
predicts the lowest increase of 6%. CanESM2 and IPSL-CM5A-LR give moderate values of ET 
increase of 17% and 18%, respectively. As regards to reference evapotranspiration of the irrigation 
period, the increase will be by 123 mm, 32 mm, 182 mm and 113 mm according to CanESM2, GFDL- 
ESM2M, HadGEM2-ES and IPSL-CM5A-LR models, respectively. HadGEM2-ES projects the 
highest increase in ET» of the irrigation period of 27% whereas GFDL-ESM2M predicts the lowest 
increase of 5%. CanESM2 and IPSL-CMS5A-LR models give moderate values of increase (18% and 
17%). 


In Figure 3 the box plots of a) annual and b) irrigation period reference evapotranspiration change 
(%) for climate change period in relation to baseline period based on the four climate models are 
presented. The greatest mean and maximum value is observed under HadGEM2-ES whereas the 
lowest under GFDL-ESM2M model for both annual and irrigation period. CanESM2 and IPSL- 
CMS5A-LR have similar mean values indicating that the above models show similar rise in future 
annual and irrigation period reference evapotranspiration for 2081-2100 in relation to the historical 
period. All models show quite similar spread in the distribution of their values in mean annual ET». 
Additionally, regarding ET. for the irrigation period, it can be noted that the largest spread in 
distribution is observed for GFDL-ESM2M and the lowest for HadGEM2-ES while the rest climate 
models show similar spread. 
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Figure 2: Box plots of mean a) annual and b) irrigation period temperature change (°C) of 
Agios Mamas according to CanESM2, GFDL-ESM2M, HadGEM72-ES and IPSL-CM5A-LR 
under RCP 4.5 during 2081-2100 relative to 1981-2000 


The box plots of reference evapotranspiration change (Figure 3) have similar pattern with those of 
temperature change (Figure 2) for both annual and irrigation period. The greatest increases are 
recorded for HadGEM2-ES while the lowest under GFDL-ESM2M for both ET, and temperature. 
Additionally, CanESM2 and IPSL-CMSA-LR models show moderate values of increase in ET as 
well as in temperature. The above confirm that the rise in reference evapotranspiration is controlled 
by the increase of temperature in the future. With higher temperatures, the water-holding capacity of 
the atmosphere increases resulting in reference evaporation increase. Additionally, CO2 enrichment 
of the atmosphere can increase plant growth, resulting in increased leaf area, and thus increased 
transpiration. There were differences in future projections of temperature and ET, among the selected 
climate models, which seem to not be related only with the model resolution. Thus, a number of 
models with different spatial and meteorological characteristics should be used for increasing the 
reliability of the results. 
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Table 2: Differences in mean annual and irrigation period reference evapotranspiration (mm) 
of Agios Mamas according to CanESM2, GFDL-ESM2M, HadGEM2-ES and IPSL-CM5A- 
LR under RCP 4.5 during 2081-2100 in relation to 1981-2000 


Mean Reference Evapotranspiration (mm) 


Historical RCP4.5 2081-2100 
Ag. Mamas Climate Models 
1981-2000 CanESM2 GFDL-ESM2M HadGEM2-ES IPSL-CM5A-LR 
1066 1247 1126 1328 1261 
Annual AET, 181 60 262 195 
% 17 6 25 18 
Irrigation 666 789 698 848 779 
par a AET, 123 32 182 113 
pero % 18 5 27 17 


Mean Annual Reference Evapotranspiration 


38 + 
29 |- 
e a T —= T 
S WF : 
z L ohh 
g L 
3 np iL T A 
= [ œN 
= | 
2 = 
-7 H 
CanESM2 GFDL-ESM2M HadGEM2-ES IPSL-CM5A-LR 
a) Annual ET, (%) 
Mean Irrigation Period Reference Evapotranspiration 
38 + o 
29 _ 
S I —_ 
z 20 + o L 
of | 
= L 
S nt 
© L —L. 
= =E 
z i 
2 = 
z7 — 


CanESM2 GFDL-ESM2M HadGEM2-ES IPSL-CM5A-LR 
b) Irrigation period ET, (%) 


Figure 3: Box plots of a) annual and b) irrigation period reference evapotranspiration change 
(%) of Agios Mamas according to CanESM2, GFDL-ESM2M, HadGEM2-ES and IPSL- 
CMS5A-LR under RCP 4.5 during 2081-2100 relative to 1981-2000 
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4. CONCLUSIONS 


In this study, the effects of climate change on the reference evapotranspiration (ET) of Agios Mamas 
in Northern Greece for the end of the 21* century (2081-2100), were assessed. The climate change 
projections were done according to CanESM2, GFDL-ESM2M, HadGEM2-ES and IPSL-CM5A-LR 
Earth System Models under RCP4.5 climate change scenario. The results suggested that mean annual 
temperature is projected to increase in 2081-2100 compared to 1981-2000. The rise in mean annual 
temperature will, in turn impact on mean annual reference evapotranspiration which will increase 
from 6% to 25% considering the climate model used. During the irrigation period, the rise in 
temperature will be slightly greater compared to annual while the increase is projected to be similar 
regarding ETo, ranging from 5% to 27%. There were differences in temperature and reference 
evapotranspiration increase among the four climate models showing great variation for the ensemble 
synthetic time series. This indicates that the use of a number of climate models is required in climate 
change studies for increasing the reliability of the future projections. The changes in reference 
evapotranspiration in response to the future climate change will have major impacts on the 
agricultural sector. As a result, the estimation of reference evapotranspiration in climate change 
research is critical in the development of adaptation strategies regarding irrigation planning and water 
resources management. 
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Abstract 

In the framework of the 7" FP project REQUA-“Regional climate-air quality interactions”, we 
assessed climate change for the 21* century over Europe. Five regional climate modelling systems 
from the Euro-CORDEX initiative were used, covering the time period from 1986 to 2100 with a 
spatial resolution of 50 Km. The selected future scenario was the Representative Concentration 
Pathway RCP8.5. The regional climate model simulations were forced by different Global Climate 
Models and compared to available observational data, to estimate the models’ biases. The analysis 
highlights the ability of regional climate models to properly simulate the European climate as well as 
an expected average temperature increase for Europe until the end of the 21st century. Temperature 
trends are estimated to be higher in southern Europe mainly in the summer. Geospatial information 
on climate change is extremely useful for studies focusing on the impact of climate change on 
different sectors including protection of the environment, adaptation and mitigation policies. 


Keywords: Climate models, Euro-CORDEX, Climate projections, Climate change 
1. INTRODUCTION 


Climate change has become one of the most urgent challenges for today’s society. According to 
WMO (Weather Meteorological Organization), climate change refers to a statistically significant 
variation in either the mean state of the climate or in its variability, persisting for an extended period 
(typically decades or longer). Climate change may be due to natural internal processes or external 
forcings, or to persistent anthropogenic changes in the composition of the atmosphere or in land use. 


Climate models (numerical representations of the climate system) play a catalytic role in studying 
and simulating climate. They solve extremely complex equations on a grid of spatial discrete points 
with various arithmetic methods (Neelin, 2010). In essence, the result of calculations for a field on a 
grid point refers to the mean value of the field in the grid box. Modern climatic models, thanks to the 
strengthening of supercomputers, incorporate in their equations many natural processes that take 
place between the elements of the climate system (IPCC, 2014). 


Climate models are distinguished in global and regional depending on whether they cover the entire 
Earth or only a limited area. Global models are characterized by low spatial resolution (the horizontal 
distance between the grid points) and simulate only large scale spatial phenomena (Hong et al., 2014). 
The need for study of regional climate has led scientists to the dynamic downscaling of global models. 
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In dynamic downscaling, the grid with the highest spatial resolution is placed in the grid with lowest 
resolution and driven by it at its lateral boundaries (Laprise, 2008). Furthermore, regional climate 
models due to their higher spatial resolution (~11km at continental level), are capable of simulating 
natural processes with higher accuracy, as opposed to global models (Giorgi et al., 2015). However, 
there are natural processes characterized by a very small spatial scale (e.g convection) and their 
assessment through regional models is made using empirical formulas called parameterizations 
(IPCC, 2014). 


The assessment of the future climate through climate models (climate projection) requires the choice 
of a climate scenario. According to IPCC, as climate scenario is called a plausible and often simplified 
representation of the future climate, based on an internally consistent set of climatological 
relationships that has been constructed for explicit use in investigating the potential consequences of 
anthropogenic climate change, often serving as input to impact models. The most pessimistic scenario 
of the newest version of IPCC scenarios is RCP8.5 which, among other things, estimates that the 
world’s population will almost double and humanity will rely mainly on fossil fuels by the end of the 
21* century (Riahi et al., 2007). 


Because of the many uncertainties that arise from the different scenarios, the parameterizations, the 
model structures as well as the physical climate variability, there is a need for coordination to study 
the regional climate. Euro-CORDEX initiative (www.euro-cordex.net) includes a suite of 
experiments and provides the scientific community with a controlled framework for models’ 
evaluation and regional climate projections. 


Five regional climate models (CCLM4, RCA4, REMO2009, RACMO22E, ALADINS3) with 
different configurations and physical parameterizations are implemented in this work, all performed 
within the framework of Euro-CORDEX. The aim of this study is to evaluate the above regional 
climate models as to their credibility and to identify in which regions and to what extent is there a 
strong signal of the temperature change by the end of the century. 


2. DATA&METHODOLOGY 


Mean surface temperature is analyzed for the time period 1986-2100. The simulations cover the Euro- 
CORDEX domain (Figure 1) with a spatial resolution of 50 km. All simulations use the same 
Representation Concentration Scenario (RCP8.5) for the climate projection (2006-2099) but driven 
by different Global Circulation Model (GCM) (Table 1). 


Figure 1: Euro-CORDEX domain. 
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Table 3: In the first column (left) are presented the Regional Climate Models (RCMs) used in 
this study. In the middle column are the Institutes where simulations performed and in the 
right column are the Global Circulation Models (GCMs) forcing the RCMs. 


RCM Institute GCM 


RCA4 Meteo-France/ National Center for Meteorological CCCMa-CanESM2 
Research 
Helmholtz-Zentrum Geesthacht, Climate Service 
SOE Center, Max Planck Institute for Meteorology MELE MELED SM 
ALADINS3 Meteo-France/ National Center for Meteorological CNRM-CERFACS-CNRM- 
Research CM5 
RACMOE22 Royal Netherlands Meteorological Institute, De Bilt, ICHEC-EC-EARTH 
The Netherlands 
CCLM4 Climate Limited-area Modelling Community (CLM- MPI-M-MPI-ESM-LR 
Community) 


In order to evaluate models’ simulations, we use E-OBS version 15.0 observational data set 
(www.ecad.eu) which are available on a 50km rotated pole grid in order to have almost equal areas 
over Europe. The RCM grid was interpolated to the EOBS grid, using the nearest neighbor method. 


2.1 Methodology 

The temporal analysis of surface temperature was carried out over three periods, corresponding to the 
IPCC 5th Report (AR5) reporting periods: 1986-2005, 2046-2065 and 2080-2099, considering 1986- 
2005 as reference period. Also, the spatial analysis was carried out in eight sub-areas (Figure 2), 
corresponding to the study areas of the PRUDENCE program.(Christensen et al., 2007). 


\\1 ) British Isles (BI) 

2) Iberian Peninsula (IP) 
3) France (FR) 

4) Mid-Europe (ME) 

5) Scandinavia (SC) 

6) Alps (AL) 

7) Mediterranean (MD) 
8) Eastern Europe (EA) 


Figure 2: The PRUDENCE sub-areas. 


The temperature field was averaged and analyzed on a seasonal base. The seasons were averaged 
from June to August (JJA) and December to February (DJF). 


In order to test the statistical significance of differences between the two future periods and the 
reference period, we calculate the quantity t (paired t-test): 


ey) (1) 
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where x and y are the arithmetic means of the n=20 seasonal values, s is the standard deviation of the 
n values. Differences are deemed significantly different at the 95% level if t >2.03. 


Mann-Kendall is a non-parametric test which used so as to test if there is monotonic trend of average 
seasonal anomalies of temperature of the period 2006-2099 comparing to reference period, at 95% 
significance level. (Mann, 1945). 


3. RESULTS AND DISCUSSION 


The mean winter (DJF) and summer (JJA) temperature bias (Models minus EOBS) for the period 
1986-2005 is presented in Figure 2. Their evaluation with EOBS indicates the ability of models to 
reproduce the observed climatology. The ensemble mean of Euro-CORDEX models is systematically 
colder than EOBS over the whole European domain both in summer and winter. Specifically, in 
winter the bias is small and about the same for all areas (Table 2). In the summer, all areas are 
characterized by greater bias values, mainly Alps, Scandinavia and France (average bias is -1.8°C, - 
1.6°C and -1.5°C respectively). Previous evaluation studies (Pavlidis 2015, Sofiadis 2017) have 
shown that these regional climate simulations systematically underestimate the surface temperature 
over the whole European domain in all seasons. According to Boberg and Christensen (2012), the 
uncertainties presented by climate models for the present climate are linked with future uncertainties, 
so it’s very important to evaluate climate models and identify areas with large bias in order to better 
interpret climate projections. 


4 -3 -2 -1 0 1 2 3 4 


Temperature bias (°C) 


Figure 3: Temperature winter (left) and summer (right) bias (Ensemble mean of models 
minus EOBS) for the period 1986-2005. Units in degrees Celsius. 


Then, the mean seasonal temperature anomalies over the period 2006-2100, relative to the period 
1986-2005, have been calculated based on ensemble mean of Euro-CORDEX models output. The 
time series of mean seasonal temperature anomalies at Scandinavia and Mediterranean regions are 
shown in Figure 4. The temperature changes are evident, and the rates of change per decade for the 
other PRUDENCE sub-areas are indicated in Table 3. All trends are statistically significant at the 
95% confidence level. The temperature trends typically vary from 0.26° to 0.53°C per decade in 
winter and from 0.39°C to 0.65°C in summer. The largest increases appear in regions of North-East 
Europe for the winter and in South Europe for the summer. Our findings are consistent with those of 
Sofiadis (2017), who presented recent warming trends and the respective models spread over these 
regions. 
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Table 2: Average temperature winter and summer bias (Ensemble mean of models minus 
EOBS) for the period 1986-2005. Units in degrees Celsius. 
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Figure 4: Time series of mean seasonal (winter and summer) temperature anomalies of the 
period 2006-2100 relative to the reference period (1986-2005) at Scandinavia and 
Mediterranean regions. The red line shows the 5-year running average. 
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Table 3: Linear trends (in °C/decade) of the mean seasonal temperature in PRUDENCE sub- 
areas for the period 2006-2100, relative to the reference period (1986—2005). All trends are 
statistically significant at 95% level. 


So 


In Figure 5 we calculate the differences in mean seasonal temperature between the two future periods 
(2046-2065 and 2080-2099) and the reference period 1986-2005, where the gradual rise is evident by 
the end of the century. However, the spatial distribution of temperature changes is different for winter 
and summer. In winter, there is a gradual increase from southwest to northeast Europe, while in the 
summer larger differences are projected in the Mediterranean basin and smaller in Northern Europe. 
This could be attributed to the ability of atmospheric circulation and land surface processes to 
modulate the European climate. (Wang et al., 2014) 
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Figure 5: Projected changes of mean seasonal temperature for the period 2046-2065 (left) and 
2080-2099 (right), compared to 1986-2005. All changes are statistically significant at 95% 
confidence level. 


4. CONCLUSION 


In this work we study the ensemble mean of five regional climate simulations all performed within 
the Euro-CORDEX framework. The simulations cover the European domain with a resolution of 50 
km for the period 1986-2099. All models were driven by different Global Circulation Models (GCMs) 
and used different configurations. The ensemble mean of models is colder than the EOBS climatology 
both in summer and winter for the whole domain, with bias to be slightly higher in the summer in 
most areas. Furthermore, gradual temperature rise is estimated in Europe until the end of the century. 
Specifically, higher temperature increase is expected in southern regions (Mediterranean, Iberian 
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Peninsula) in summer season. Our future work will focus on the study of other variables such as soil 
temperature and precipitation to better interpret climate variation in Europe. 
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Abstract 

Extreme events of sea level elevation, due to severe weather conditions, pose great threats to low- 
land coastal areas by extended inundation hazards. The latter take the form of short- to mid-term 
flooding due to wave- and storm-induced sea level elevation and run-up on the coast. In this paper, 
the impact of the combined effect of extreme storm surges and extreme wave set-up in nearshore 
areas 1s investigated. The framework is set by future and historic climate change scenarios during a 
period of 150 years (1951—2100) that affect the occurrence frequency and magnitudes of total (surge- 
and wave-induced) sea level extremes in the eastern Mediterranean, focusing on the coastal zones of 
Greece. Inter-annual and multi-decadal patterns, trends and return levels of storm surge and wave set- 
up extremes are calculated based on non-stationary bivariate statistical analysis with copula functions 
of the Generalized Extreme Value distribution. The numerical data of storm surge- and wave-induced 
sea levels are derived from post-processing of simulation results by GreCSS and SWAN models, 
respectively, in order to transfer validated numerical data from offshore regions towards the shoreline 
of selected areas prone to coastal flooding. An increase and a consequent attenuation of storminess 
and inter-annual extremes of total sea level on the coast is estimated during the 1“ and 2" half of the 
21“ century, respectively. Different morphological characteristics of regional coastal zones in the 
Aegean Sea are found to influence variability of sea level extremes. 


Keywords: Storm surge, Wave set-up, Extremes, Mediterranean Sea, Climate change impact 
1. INTRODUCTION 


Harsh weather conditions can cause extreme events of sea level elevation (SLE) in the marine 
environment possibly leading to extended coastal flooding that has severe environmental and societal 
impacts, such as loss of land and damages to onshore infrastructure, coastal structures and ports. In 
the framework of a constantly changing climate with extreme SLE events of higher frequency and 
intensity, both augmented by the estimated mean sea level (MSL) rise, the exposure and vulnerability 
of society, infrastructure and the environment of coastal areas to severe damages are expected to 
increase. The effect of climate change on the coastal zones of the Mediterranean and other Seas 
around Europe has been studied in the past (Benetazzo et al., 2012; Conte and Lionello, 2013; Kvocéka 
et al., 2016; Vousdoukas et al., 2016; Satta et al., 2017; Vibilić et al., 2017), mostly focusing on the 
variability and long-term trends in the evolution patterns of MSL rise, and the extremes of storm 
surge events and waves, yet in a separative approach for the several hydraulic features contributing 
in total SLE. 


Our former work has been centered on proper implementation of extremal analysis for hydraulic 
features in the marine environment (Galiatsatou, 2007; Galiatsatou and Prinos, 2008, 2014, 2015; 
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Galiatsatou et al., 2016) and validated hydrodynamic modeling of storm surges and waves in coastal 
zones (Krestenitis et al., 2014, 2015; Androulidakis et al., 2015; Makris et al., 2015, 2016). In the 
aforementioned studies, the impacts of climate change on the extremes of storm surges and waves 
have been investigated (taking into account the MSL rise) in selected areas of the Mediterranean, 
Aegean and Ionian Seas, detecting a considerable increase in the extreme wave/surge climate 
especially in the 1* half of the 21* century. Yet, former literature has focused on analysis of SLE 
extremes treating storm surge and severe wave events separately. Only recently Feng et al. (2018) 
and Galiatsatou et al. (2017, 2018) have made efforts to study storm flood-prone coastal areas based 
on coupled surge-wave simulations and recent advances in extreme analysis with copula functions 
(Wahl et al., 2012; Bender et al., 2014), respectively. In the present work, a non-stationary 
multivariate approach has been developed and implemented to assess design total water levels at the 
shoreline of selected Greek coastal areas in the Aegean Sea under the effects of climate change. 


2. METHODOLOGY 


2.1 Methodological approach and topographical characteristics of the study area 

The methods and techniques of the present work have been implemented to the annual maxima of 
random wave characteristics (i.e. significant wave height Hs and corresponding peak spectral period 
Tp) in open seas, nearshore wave-induced sea level yw, and associated SLE values due to storm surges 
at selected locations of the east central Mediterranean (Aegean Sea). Three representative high flood- 
risk study areas (Makris et al., 2016; Galiatsatou et al., 2017, 2018) have been selected (Figure 1); 
Area 1 in the North Aegean containing the coastal zone of Alexandroupolis and part of the Thracian 
Sea, Area 2 in the Central Aegean containing the coast of Eresos in southern Lesvos Island, and Area 
3 in the South Aegean containing a northern Crete coastal area of Heraklion. The selection of 
representative group of points was based on proper statistical homogeneity measures for high 
quantiles of the Hosking and Wallis type (Makris et al. 2016; Galiatsatou et al., 2017, 2018) assessed 
for annual maxima of H; and SLE for a control period (1951-2000), related to its counterpart 50-year 
future periods in 2001-2100. High-wave events exceeding appropriately defined thresholds of Hs 
(1.5-2 m) were selected at grid points in the study area, for durations >6 hrs, having onshore main 
wave directions towards respective shorelines. T, values were associated to the high sea states 
corresponding to a period of 150 years (1951-2100). The choice of SLE data was based on a 5-day 
time-window of storm surge-driven sea levels, covering the time of corresponding records of Hs 
maxima (by 2.5 days bilaterally), indicated in order to estimate the largest possible SLE response to 
the particular storm events (with maximum duration of 120 hrs in the Mediterranean basin; Conte and 
Lionello, 2013; Makris et al., 2016). 


2.2 Numerical models and data for storm surges and waves 

The raw data of marine parameters in the present work are drawn from climatic-type numerical 
simulations to estimate the (offshore) irregular wave characteristics (Hs, Tp and energy wave spectrum 
features) from SWAN model implementations (Kapelonis et al., 2015; Makris et al., 2016), and SLE 
due to storm surges from 2-DH high-resolution simulations with MeCSS and GreCSS hydrodynamic 
models (Krestenitis et al. 2014; Androulidakis et al. 2015; Makris et al. 2015, 2016). The modelled 
datasets were validated and bias-corrected by in situ measurements, satellite altimetry and modeled 
forecasts, and covered a 150-year period (1951-2100), using atmospheric forcing of climatic data, 
produced by a dynamically downscaled simulation with RegCM3 model (Tolika et al., 2015; Vagenas 
et al., 2017), under 20C3M historical and SRES-A1B future scenarios for green-house gas emissions 
(Makris et al., 2016; Vagenas et al., 2017). 
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Figure 1: Left graph: Selected study areas of the Aegean Sea; 1: Alexandroupolis coastal area 
in the Thracian Sea (North Aegean), 2: Eresos coastal area in southern Lesvos Island (Central 
Aegean), 3: Heraklion coastal area in the Cretan Sea (South Aegean). Right graph: Marine 
map of the study area’s bathymetry (m) for the 1/20° (~5 Km) resolution computational 
domain 
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2.3 Modelling approach for total sea level on the coast 

The calculation method of the coastal hazard under investigation, i.e. the total (flood) water level at 
the shoreline and on the coast, is concisely presented in the following (detailed entire approach by 
Galiatsatou et al., 2018), by implementing a semi-analytic modelling approach for the derivation of 
the nearshore (surf/swash zone) wave-induced sea levels (Goda, 2000). In order to correctly calculate 
the total sea level in coastal areas, and specifically inside the surf zone and at the shoreline, we need 
to transfer the spatially large-scale modelled (wave and storm surge) data from relatively deep (or 
intermediate) waters in the open sea to nearshore shallow water areas and finally the shoreline 
boundary. The storm surge is a huge-scale phenomenon (order of several Km) and coastal SLE values 
were therefore adequately provided by dynamically downscaled numerical simulations in climatic 
mode (150 years, 1/20° resolution; Makris et al., 2015, 2016). Nevertheless, the wave-induced sea 
level in nearshore areas and close to the shoreline concerns finer scale effects due to irregular wave 
breaking. Nonetheless, numerical simulations in climatic mode (150 years) with a 2-DH wave model 
of very fine spatial resolution is still very arduous in terms of computational resources and available 
detail in digital bathymetric and terrain models. Therefore, in the present work, we used the offshore 
SWAN model results of Makris et al. (2016). Consequently we calculated the transformation of 
extreme random wave characteristics (Hs, Tp, main wave direction) towards the shoreline with a semi- 
analytical iterative model for irregular wave trains (Makris and Krestenitis, 2009), which takes into 
account the crude variations of rather simple bathymetries (parallel depth-contours, nearly straight 
coastlines and uniform slopes) crossing areas of nearshore intermediate to shallow waters and surf 
zone H; constraints for irregular wave breaking. Furthermore the wave-induced set-up ysu was 
calculated (Goda 2000), as it represents the short- to mid-term SLE in the coastal zone, due to random 
wave action in shallow waters and secondary processes due to irregular wave breaking. We also added 
another smaller component of SLE, i.e. the surf beat 7s», associated to wave groups approaching 
coastal zones in discrete high- and low-frequency bands. Conclusively, we estimated the (potential) 
total wave-induced sea level 7,,=su+ysp nearshore and on the shoreline, being qualitatively similar to 
storm surge SLE, rendering it a fitting counterpart in a bivariate analysis of sea level values. 
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Transformation of random wave characteristics from open seas to shallow coastal waters was based 
on spectral wave theory and analytic relations of Goda (2000) taking into account irregular wave 
propagation, refraction, shoaling, and energy dissipation due to breaking and bottom friction. The 
significant wave height H, in arbitrary depth d is given by the relation Hs=k; "ks -Hs,o (where o index 
corresponds to deep-water offshore values). For areas with rather parallel depth-contours, the 
effective spectral refraction and shoaling coefficients, k,’ and ks’, for irregular waves are given by: 


M N 
k = f(k, Lee. ee Smax): from graphs k = [èžen« * analytically m 


2/7 
kK =k., dg<d  K=(k o (2) dey < d < dy k,- (JK, -B)-T=0, d<d,, 5 


where k,(f,@) is the linear refraction coefficient of monochromatic wave components with frequency 
f and propagation direction 0, (4E)j; are the components of relative wave energy with im discrete 
frequency and jm angle of incidence for discrete spectral bands, Lo,p is the deep water wavelength 
corresponding to Tp. Hs,» (depth-limited breaker height) and the rest parameters are (Goda, 2000): 


doo | _ 27 Meo i | a Fo (kja B= a3 A pa s0 Lop) 
Lop 30 Lop $ ee, 50 Lp 0 [ex H., = Lop. 27 H,,/L,,\ d (3) 
d, É d, Td 
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where A=0.12-0.18 is a shape parameter depending on the position of the broken wave inside the surf 
zone, ds» the incipient breaking depth of Hs,», and m the bottom slope. Combining iteratively the 
breaking model with the random wave transformation, we calculated an estimation of the wave set- 
up evolution in the surf zone transverse to the coast, dy/dx (Nsu, Nsp exactly on the shoreline): 


dy 1 d|ipefi  4na/l, r B gi 7 Gs gp. SOV (4) 
dx (n+d) dx|8 * (2 sinh(4za/L,))/  1+37°/8 ° 16° fay j, dso 
Ls H;, 


where y=H;,p/ds,» is the wave breaking index, Lp the local wavelength corresponding to Tp, and 7 the 
local value of the sea level (mean water level) due to the random breaking-induced process of the 
wave set-up in depth d. The estimation of the total (flood) water level at the shoreline 7; resulted from 
the summation of all the SLE components: wave run-up R2% (contains the parameter ysu), MSL rise 
MSLR (due to ice melting, steric and mass addition components; Makris et al., 2016) the surf beat 7s», 
the storm surge-induced SLE, and the highest astronomical tide HAT (courtesy of Hellenic Navy 
Hydrographic Service, https://www.hnhs.gr/en/): 


m =R, + MSLR+1,, + SLH+ HAT 5) 


where the wave run-up at the shoreline was based on the formulation of Stockdon et al. (2006): 


1 (H,L,(0.563tan* p+ 0.004)? 


Ryo, = 1.1] 0.35tan B(H,L, )? + ; and R, = 0.043(H,L,)?, for Ir <0.3 (6) 
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with tanp the beach face slope and Ir=mN (H;s,./Lo,p) the Iribarren number (surf similarity parameter). 
For dissipative beaches (/r<0.3) the wave run-up is infragravity dominated. 


2.4 Method for extreme value analysis 

Extreme value analysis in the present paper is based on the Generalized Extreme Value (GEV) 
distribution function, which includes location u, scale o>0, and shape €40 parameters, assessed by 
Maximum Likelihood Estimation (MLE) or L-moments (LM) procedures (computed from linear 
combinations of probability weighted moments), providing measures for shape of distributions or 
data samples, such as location, dispersion, skewness and kurtosis. For data samples of {X;, X2, ..., 
Xn} arranged in increasing order, the sample probability weighted moments are: 


a fra(n-1)(n-2)....(n-r) i (7) 


Extreme SLE values (e.g. 50-year return levels) exhibit non-stationarity, led by natural climatic 
variability and climate change, viz. the El Niño Southern Oscillation (ENSO) or North Atlantic 
Oscillation (NAO) acting on different time scales. These can have significant impacts on SLE 
extremes and occurrence frequency of coastal flooding events, thus assuming time-varying 4, 0, ¢: 
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The return level xp corresponding to a return period T=1/p is assessed in a non-stationary context as 
a function of time, representing quantiles of the distribution function of SLE for every year: 


x,(t) = u(t) Fat ttt)" (9) 
For the estimation of the parameters of the fitted distribution functions for all sea level variables, a 
moving time-window of 40-years (Bender et al., 2014) was implemented in the present work, using 
the LM method for each period. Their length was selected to be large enough to provide a good fit of 
the marginal distributions of Hs, SLE, etc., as well as of their possible dependence structure. In a 
multivariate framework (Galiatsatou et al., 2018), the non-stationary marginal distribution functions 
for wave and storm surge variables has to be followed by a non-stationary joint probability analysis 
of the dependent variables using bivariate copulas, which model dependence structure of e.g. Hs and 
SLE, independently from their marginal distributions. To estimate the dependence structure of 
nearshore sea level data within the non-stationarity framework, 40-year moving windows were also 
applied to the bivariate data (H/T, and H;/SLE), utilizing Canonical Maximum Likelihood (CML) 
without first specifying marginal distributions. This way, marginals are first transformed to pseudo- 
observations with uniform margins (Uji, Ui2)' and then the dependence parameter a is estimated as: 


Aoy, = argmax, > log c(U;,,U;3a) (10) 


i=l 


To select the appropriate copula function among five candidates (i.e. Clayton, Frank, Gumbel, 
Student’s t, Gaussian), a parametric bootstrap procedure has been used (Galiatsatou et al., 2017, 
2018). The test computes the Cramér — von Mises functional S,;, comparing the empirical copula of 
the observations with a parametric estimate of the copula derived under the null hypothesis. 
Approximate p-values for the test have been computed using the parametric bootstrap procedure. 
Large values of Sn usually result in the rejection of the null hypothesis that the bivariate data result 
from the tested copula function. After estimating the copula parameters, the statistic S, and its 
associated p-value were estimated for all moving windows and all candidate copula functions. For 


699 


Climate change impacts and adaptation measures 


each bivariate pair, the copula that resulted in p-values exceeding the 5% significance level for the 
entire study period, was selected as the best-fit model and applied for joint exceedance probability 
estimation. In case more than one of the fitted copulas satisfied the above condition, the selected 
bivariate model was the one providing the lowest Akaike Information Criterion (AIC) values during 
the largest part of the studied time interval (Galiatsatou et al., 2017, 2018). 


3. RESULTS 


3.1 Numerically simulated data 

Results for the 50-year patterns of H; annual maxima in the study area are presented in Figure 2. A 
projected increase of the Etesian winds at the central part of the Aegean (Tolika et al., 2015; Makris 
et al., 2016) seems to be responsible for a small but traceable change in Hsmax patterns during 2001- 
2050. Intensification trends are mainly estimated to occur in the northern and central parts of the 
Aegean Sea, with smaller values in the southern parts of the study area. An increase of Hs,max in the 
Ionian and Libyan Seas during the 1* half of the 21“ century and a consequent attenuation towards 
2100, follows the climate change patterns of mean sea states (not shown here). During the low-energy 
seasons, the entire study area reveals a consistent invariance. Figure 3 presents the spatial variability 
of the averaged (for each of the three periods) values of the Storm Surge Index (SSI), which is a 
representative annual maximum SLE, i.e. yearly mean of three maxima storm surge events 
(Androulidakis et al., 2015; Makris et al., 2016), over each 50-year period (SSJs0-yr). The highest SSI 
values (>0.45 m) can be traced along the northern coasts of the Aegean Sea (coastal zone of 
Alexandroupolis; Area 1). The SSI decreases from North to South, ranging from 0.32 to 0.38 m for 
central parts of the Aegean, down to almost 0.3 m in the southern part of the study area (Crete), and 
below 0.25 m for the northern African coasts. Lower values occur along the entire coastline in the 2" 
half of the 21“ century, consistent with the estimated storm attenuation towards 2100. The change 
signals between 2001-2050 and 1951-2000 range from —5.1 to +19.6 % locally. Storm surge-induced 
SLE is estimated to generally decrease from the current to the future 50-year period, with changes of 
—17.5 to +1.8 %. 


1951 to 2000 (Nov.-Apr.) 2001 to 2050 (Nov.-Apr.) 


2051 to 2100 (Nov.-Apr.) 
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Figure 2: Temporal mean of H, annual maxima (m) during high- and low-energy (upper and 
lower graphs, respectively) months over the study area for 50-year reference (left graphs), 
current (central graphs) and future (right graphs) period time intervals 
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Figure 3: Storm Surge Index SSI (m) along the coastline of the study area, time-averaged over 
50-year reference, current and future periods (from left to right) 


3.1 Extremes and return values of storm surges, waves, and total sea level on the coast 
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Figure 4: Left panel: Time-dependent estimates of MLE wave event of H, (top graph), Tp 
(middle graph) and SLE (lower graph) in North Aegean (blue plots), central Aegean (green 
plots), and South Aegean (red plots). Right panel: Time-dependent estimates of total water 

level at the shoreline y at selected profiles in the coastal areas of Alexandroupolis (top), 
Eresos bay (middle) and Heraklion (bottom). Solid lines represent MLE extracted without 

parametric trends in marginals and dependence parameter of bivariate data; Dot-lines 
consider all fitted trends 


701 


Climate change impacts and adaptation measures 


Figure 4 (left panel graphs) presents the time-dependent most likely design estimates of Hs, Tp and 
SLE for the three studied areas in the Aegean Sera. In the North Aegean Sea, H; MLE maxima 
appeared in the 2™ half of the 21“ century, around 2060, when including the parametric trends in the 
marginal parameters and the dependence structure of the marine variables. Excluding parametric 
trends, MLE H; showed a bimodal behavior with pronounced peaks for short periods before and after 
2050. MLEs of T, (thus wave lengths too) are estimated to decrease rapidly during the last 30 years 
of the 21* century. MLE of storm surge SLE presented more than 16% variations with maxima 
probably occurring before the middle of the 21* century. In the Central Aegean Sea, MLEs of wave 
features presented more intense variability (e.g. two distinct peaks for Hs, pronounced around 2020 
and towards 2085, with T, peaking around 2020, too). A progressive decrease of MLEs for storm- 
induced SLE is obvious after a peak in 2010-2015. In the South Aegean Sea, the most likely design 
events of Hs, Tp and SLE presented almost 22%, 10% and 37% variations, respectively. Wave heights 
are estimated to decrease in the 2™ half of the 21% century, while wave periods are expected to 
increase quite sharply in 2031-2070 and decrease rapidly during 2071-2100. SLE variation followed 
the 7, trend peaking around 2060. 


Figure 4 (right panel graphs) presents y+ in the 1990-2100 interval for three selected coastal profiles 
having quite similar beach face slopes (7-8%) in each study area. Beach breadths varied from 14 to 
40 m with berm heights from 2 to 3.2 m. In Alexandroupolis (Area 1) 7; varied more than 17% in the 
21* century with highest values probably occurring in the 2" half of the 21‘ century (i.e. around 2060 
with parametric trends in marginal distributions and dependence structure of marine variables). The 
variations of total water extremes presented similar trends to those of Hs MLEs. In Eresos (Area 2), 
1 Variations exceeded 20% in 1990-2100 with maxima of total water level at the shoreline appearing 
after 2020, presenting similar trends to all marine variables in the area, with wave parameters 
(especially 7,) having a stronger influence on them. Finally, in the coastal area of Heraklion (Area 3) 
nr Varies more than 12% in the 21* century, with its maxima around 2060 (or just after 2080 for no 
parametric trends in marginals and dependence parameter of bivariate data). Total water levels on the 
coast seem to most likely increase after 2030 maintain quite high values in the 2" half of the 21“ 
century. Wave periods and storm surges are estimated to heavily influence 7; while high waves 
appeared less correlated with it compared to central and northern Aegean areas. 


4. DISCUSSION AND CONCLUSIONS 


In the present study, a novel approach has been developed and applied to selected Greek coastal areas 
of the Aegean Sea to investigate the changes in the joint probabilities of extreme marine variables 
(storm surge- and wave-induced sea level elevations) with time. The scope was to properly assess 
design magnitudes of total (flood) water levels at the shoreline of extended, rather homogenous, 
coastal areas, under the effect of climate change (based on a rather pessimistic future scenario). The 
results of coupled, large-scale, numerical simulations of 2-DH hydrodynamic circulation for storm 
surges and 3" generation spectral wave transformation, are post-processed and blended with an 
irregular wave transformation model for wave-induced sea level in nearshore areas and towards the 
shoreline, leading to a novel, robust, analytic approach for extreme run-up and total flood water levels 
on the coast (Galiatsatou et al., 2018), modeling dependence structure with the use of copulas. The 
non-stationary analysis of the marginal distributions of all marine variables revealed statistically 
significant trends in all parameters of the GEV at the selected areas of the Aegean Sea. Statistically 
significant polynomial trends were also detected in the dependence structure of both offshore and 
nearshore bivariate data. Variations in future trends for probable coastal flooding might be attributed 
to geographical differentiations correlated to climate change signals of weather data (Makris et al., 
2016) and variations of marine variable (storm wave and surge characteristics) extremes (Galiatsatou 
et al., 2017) in the area. The highest values of total water levels on the shoreline were calculated either 
around 2020 or the middle of the 21“ century, while the regime of long wave sea states was correlated 
(significant influence) on extreme 7; estimates. The spatial differentiations of the patterns of extreme 
marine variables, based on the intense topographical diversity of the Aegean archipelago, revealed 
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different results of former studies (Galiatsatou and Prinos, 2014, 2015; Makris et al., 2016), implying 
the rise of extreme southerly winds in the Aegean Sea towards the middle of the 21* century and 
beyond (corroborated by Vagenas et al., 2017). In the South Aegean, the Aeolian patterns show a 
mild rise of northerly extreme winds after the 1“ half of the 21“ century, which might lead to an 
increase of extreme peak periods and respective storm surges that are slightly intensified. 
Nevertheless, due to the complex dense insular formation of the Cyclades, the random wave fields 
are prone to diffraction, and this seems to cause a slight drop in the significant wave height extremes. 
These findings (a 20- to 30-year transition of extreme sea level response to climate change on the 
coastal zone) are different from former studies (Galiatsatou and Prinos, 2014, 2015; Makris et al., 
2016), which have shown clear patterns of storminess augmentation in the 1“ half, and consequent 
severe attenuation in the 2" half of the 21“ century. In the Central Aegean, a more coherent pattern 
of sea level response to climate change signals can be traced, with the shift in the patterns of extreme 
values of coastal marine parameters following climatic-type changes in northerly and southerly 
extreme winds, giving rise in sea level extremes around 2020, which is in agreement with relevant 
previous literature (involving analyses with A1B scenario). Therefore, the proposed novel approach 
of extreme value calculation (incl. non-stationarity, time-dependence, bivariate analysis of extremes, 
transferring sea-states from offshore to coastal areas) can produce significant alterations on the 
patterns of extreme total sea levels on the shoreline, compared to former studies of univariate 
stationary approaches, providing somewhat safer estimates and thus more reliable risk assessment 
tools for coastal flooding under the effects of climate change. 
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Abstract 

Safe drinking water is essential for human health and its provision in a changing climate is a global 
pressing problem. Research communities, governments and drinking water supplying companies are 
working on improving the quality of drinking water and reducing its cost. Microorganisms colonise 
the inner surfaces of pipes and form biofilms. In drinking water systems biofilms are problematic as 
they cause loss of disinfectants, harbour pathogens and affect the aesthetics of drinking water. From 
the engineering perspective, that leads to corrosion of the pipe’s material and reduced life of the 
existing infrastructure. Thus, it is imperative that we gain a deeper understanding of the growth of 
biofilms if we are to develop effective strategies for their removal or control. 


In this study we focused on the growth of biofilms in drinking water under stagnant conditions, which 
often occur in parts of drinking water pipes. A bioreactor was used to simulate the service lines of 
drinking water systems. After 4 weeks, the thickness and density of the biofilms were characterised 
using gravimetric measurements, and their surface area was determined using fluorescence 
microscopy. Also, the concentration of cells and microcolonies both in the bulk water and on the 
reactor surfaces was determined using fluorescence microscopy. Finally, spatial statistics were used 
to describe the biofilm structures that were formed on the exposed surfaces of the reactor. It was 
revealed that even under stagnant and oligotrophic conditions, drinking water bacteria moved from 
the bulk water of the reactor and attached to the available surfaces forming a high number of 
microcolonies. Biofilms were able to grow on the exposed surfaces of the reactor forming 
characteristic structures consisting of dense cell clusters. Our results revealed that even under 
unfavourable conditions biofilms can grow within our drinking water systems. 


Keywords: biofilms; drinking water; microscopy; reactor; stagnant 
1. INTRODUCTION 


Biofilms are found on virtually every wetted surface on earth. Even though the term “biofilm” may 
not form part of the popular lexicon, most people are familiar with biofilms in one way or another, in 
particular with those that can be seen by naked eye. The plaque on our teeth is a biofilm, the slime on 
our contact lenses, the bathroom walls or rotting food is also a biofilm. Similarly, the green of brown 
coating on rocks, pebbles or sand in a river is a biofilm [Hall-Stoodley et al., 2004]. A biofilm consists 
of a group of microorganisms, such as bacteria, fungi, viruses and protozoa, which adhere to a surface 
and are usually housed in a matrix of extracellular polymeric substances (EPS). The EPS are 
biopolymers including polysaccharides, proteins, nucleic acids and lipids. In most biofilms, the 
microorganisms may account for less than 10% of the total biofilm dry mass, whereas the EPS matrix 
may account for over 90% of that. The biofilm matrix has been characterised as a three-dimensional 
polymer network that interconnects and immobilises the cells that it consists of [Flemming and 
Wingender, 2010]. 
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It is estimated that 99% of the total population of bacteria in the world are found in the form of a 
biofilm [Florjanic and Kristl, 2011]. One of the main reasons why bacteria opt for the biofilm, rather 
than the planktonic mode of life, is the protection that the biofilm offers to them. This might include 
protection against harsh conditions, such as nutrient deprivation, shear stresses, ultraviolet or acid 
exposure, metal toxicity, dehydration, salinity, antibiotics and other antimicrobial agents [Hall- 
Stoodley et al., 2004]. 


Biofilms can be very useful, especially in the field of bioremediation. Organisms may be used for 
contaminant removal and for the purification of industrial wastewater. In biofilm filtration systems, 
the filter medium presents a surface for the microbes to attach to and to feed on the organic material 
in the water being treated. Such water cleaning systems are biologically more stable and their 
disinfectant demand is lower than that of conventionally treated systems. Less microorganism 
induced contamination is likely to occur in water that passes through a biofilm based filter than there 
is in water that passes through another alternative treatment system [Campos et al., 2002]. 


On the other hand, biofilms can result in heavy costs for the cleaning and maintenance of the industrial 
and domestic pipes that they colonise. The environment in which people are mostly exposed to 
biofilms is the domestic environment [Garrett et al., 2008]. Although drinking water is closely 
monitored in the developed countries, waterborne disease outbreaks are still being reported. These 
outbreaks may be associated with pathogenic bacteria and viruses, and biofilms in the water pipe 
networks are known to create favourable conditions for their survival and growth. In addition, the 
detachment of biofilms from pipe walls is associated with changes in the water taste, odour and 
colour. The main challenge of drinking water industries is to deliver water that is microbiologically 
and chemically safe, aesthetically pleasing and adequate in quantity [Sim6es, 2012]. Thus, it is crucial 
to find ways of managing the biofilms that will inevitably form. 


Visualising biofilm structures is complicated due to the presence of debris, corrosion products and 
mineral deposits, which provide new niches for bacteria to colonise [Batté et al., 2003]. Organic and 
inorganic particles can accumulate in low-flow areas or dead-ends of drinking water systems and 
enhance microbial activities by providing protection for bacteria against harsh conditions [Sim6es, 
2012, Douterelo et al., 2013]. Biofilms are generally found to form very complex and heterogeneous 
structures [van Loodsdrecht et al., 1995]. Thicknesses that have been recorded for biofilms in drinking 
water systems range from a few tens of micrometres [Srinivasan et al., 2008] to a few hundreds of 
micrometres [Momba et al., 2000]. Biofilms may be formed on the surfaces of drinking water pipes 
within a few days or months and may reach a cell concentration of 10-10? cells/cm? [Manuel, 2007]. 
The vast majority of bacteria, estimated at 95% of the total cell population, are attached to the surfaces 
of the pipes, whereas only 5% are found in the water phase [Flemming et al., 2002]. 


In drinking water systems under high flow conditions, which are those that are mostly experienced, 
microorganisms are transported by eddies in the flow [Kumarasamy and Maharaj, 2015]. Under low 
flow conditions, the transport of bacteria from the bulk water to the exposed surfaces occurs due to 
Brownian diffusion, sedimentation and cell motility. Stagnant conditions occur regularly in drinking 
water systems (i.e. during overnight periods or near closed valves and flanges in the system) when 
the water consumption is low [Manuel et al., 2007]. It is suspected that the biofilm growth 
characteristics under stagnant conditions would be similar to those in laminar flow, where shear 
stresses are low and the transport of nutrients and oxygen is driven by diffusion. However, very little 
is known about biofilm growth under such conditions [Manuel et al., 2007, Liu et al., 2016]. Thus, in 
this study, the development of biofilms in drinking water was investigated under stagnant conditions 
after a 4-week period using a bioreactor. A 4-week period is considered a realistic time period of 
water stagnation in service lines [Zlatanović et al., 2017]. Also, the reactor, which was used, 
simulated the part of drinking water distribution systems, which is closer to the tap. The exact 
structure and composition of drinking water biofilms are still unclear and have not been described in 
detail yet due to difficulties in investigating such a small amount of biomass without disturbing it. 
Biofilms in drinking water systems are generally thin but these low thicknesses that can be reached 
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are variable [Wimpenny et al., 2000]. Thus, the goal of this study was to investigate how biofilms 
were developed under oligotrophic conditions in stagnant water and to characterize them. 


2. MATERIALS AND METHODS 


2.1 Reactor conditions 

Biofilms were grown in a jacketed rotating annular reactor (model 1320 LJ, BioSurface Technologies, 
US). This reactor presents various advantages such as simple sampling process. Also, the liquid phase 
of reactor is well mixed, which ensures that there is uniform distribution of bacteria in the bulk liquid 
[Characklis and Marshall, 1990]. The reactor held 20 new and sterile vertical polycarbonate slides 
(BST-503-PC) attached to its inner drum. The beveled edges of the slides were dropped into the 
beveled slots on the reactor inner cylinder and they were removed from it using a sterilized hook. The 
slides were placed in the inner cylinder in a symmetric way in order to avoid any imbalances. The 
polycarbonate material of the slides was chosen as one of the plastic materials, which are used in 
drinking water systems [Szabo et al., 2007, Garny et al., 2008]. The jacket of the reactor allowed the 
temperature to be maintained in the system via heated water from a bath circulator (Isotemp Bath 
Circulator, Fisher Scientific, UK). The temperature was chosen at 16°C as the representative 
temperature of DWDS in the United Kingdom for spring and summer [Douterelo et al., 2013]. The 
reactor was covered with aluminium foil in order to achieve dark conditions for biofilm growth. The 
diameter of the pipe, which was simulated using this reactor, was at 30.3 mm. This pipe diameter 
corresponds to the extremities of drinking water systems where the service lines start [Hall et al., 
2009]. The conditions in service lines are generally characterised by longer residence times, higher 
stagnation periods, reduced flow rates and higher temperatures compared to those in the mains [Zheng 
et al., 2015]. 


The medium that the reactor was filled with consisted of 150 ml of nutrient medium and 850 ml of 
drinking water that was sampled from a domestic tap in Glasgow. The concentrations for mineral 
salts of the reactor medium were: ammonium sulphate (1.2 mg/l), ammonium chloride (0.9 mg/l), 
magnesium sulphate heptahydrate (0.3 mg/l), manganese chloride tetrahydrate (0.003 mg/l), copper 
sulphate pentahydrate (0.002 mg/l), cobalt sulphate heptahydrate (0.001 mg/l), sodium molybdate 
dehydrate (0.001 mg/l), zinc sulphate heptahydrate (0.01 mg/l), and boric acid (0.75 mg/l) 
(Milferstedt et al., 2006), and the concentration for glucose of the reactor medium was 1.5 mg/1. These 
concentrations kept the bulk water conditions in the reactor oligotrophic (Batté et al., 2003). The total 
organic carbon (TOC) in the bulk water of reactor was determined using a TOC-L analyser 
(SHIMADZU, Japan) as the difference between the total carbon and the total inorganic carbon. To 
calculate the TOC 3 samples of 10 ml each were used. The TOC was measured at the onset of the 
experiment and after 4 weeks. Finally, the concentration of total chlorine of the drinking water, which 
was sampled from the tap, was measured immediately after its sampling and after 4 weeks. The 
USEPA DPD Method 8167 [Chamberlain and Adams, 2006] was followed to measure the chlorine 
concentration using the DR 900 Hach colorimeter (Colorado, US). The measurements were 
performed for 3 samples of 10 ml each. 


2.2 Cells and microcolonies measurements 

To calculate the concentration of cells in the bulk water of reactor at the onset of the experiment 3 
samples of 5 ml each were used. These samples were filtered through 47 mm Whatman® 0.2 um 
membrane filters (Sigma-Aldrich, Irvine, UK) after they were fixed with 0.5 ml of 2% formaldehyde 
[Kepner and Pratt, 1994]. The membrane filters were then covered with 1 ml of 0.1% Triton X-100 
solution in order to evenly disperse the cells. The cells on the membrane filters were then stained with 
1 ml of 10 ug/ml (4’,6-diamidino-2-phenylindole) DAPI for 20 minutes in the dark and visualised 
using fluorescence microscopy (Olympus IX71, Japan) with the oil immersion UPlanFLN objective 
lens (100X magnification/1.30 numerical aperture). More than 30 images per membrane filter were 
obtained. The concentration of cells was calculated from [Brunk et al., 1979]: 
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where ÈŁx/n is the mean number, s is the standard deviation, Amemb is the surface area of the membrane 
filter, d is the dilution factor, Afieia is the surface area of the microscope field and Vfim is the volume 
of the liquid sample filtered. The same procedure was used to calculate the concentration of 
microcolonies in the bulk water of reactor but without using the Triton solution and by using the 
objective lens with 10X magnification/0.30 numerical aperture instead of the one with 100X 
magnification/1.30 numerical aperture. The microcolonies visualised had a diameter of 
approximately 10 um and consisted of approximately 10 cells. 


To calculate the concentration of cells on the reactor slides after the 4 weeks, 3 slides were removed 
from the reactor. The biomaterial attached to the reactor slides was gently scraped from the slides and 
diluted in 5 ml distilled water. Then, the 5 ml samples were fixed with 0.5 ml of 2% formaldehyde 
[Kepner and Pratt, 1994] and filtered on Whatman® 0.2 um membrane filters. The same procedure 
described above was followed. The concentration of cells was calculated from [Brunk et al., 1979]: 


xx 
cells (= + s) Amemb4Vsusp 
cm? Afield Veit Abiot 


(3) 


where Vsusp is the total suspension volume and Abviof is the area from which the biomaterial was 
scraped. The same procedure was used to calculate the concentration of microcolonies on the reactor 
slides. The microcolonies were similar to those described above. 


2.3 Biofilm measurements 

To calculate the biofilm thickness and density 3 slides were removed from the reactor. Gravimetric 
measurements were used to characterise the thickness and density of the biofilms attached to the 
slides [Staudt et al., 2004]. In brief, after the slides were removed from the reactor they were drained 
for 5 minutes at a vertical position and then they were weighed for the determination of the wet mass. 
Then, the slides were dried for 24 hours at 65°C in an oven and weighed again. After that, the dried 
biofilm was washed off the slides with distilled water and laboratory tissues. The clean slides were 
dried again for 24 hours at 65°C and then weighed again. The dry mass was determined by the weight 
difference of the slides with and without the dried biofilm. The biofilm thickness, Lr, was determined 
by: 


< Mwg (4) 
F pwrAr 
and the volumetric biofilm density, pr, was determined by: 
— DF (5) 
PrF 7 (wE) 
Pwr 


where mwr and mpr are the wet and dry mass of the biofilm respectively. Also, pwr is the density of 
biofilm, for which there is the assumption that it is equal to that of water at 16°C at 998.946 kg/m?. 
Finally, Ar is the surface area of the slide. The areal biofilm density was finally calculated as the 
product of the biofilm thickness and the volumetric biofilm density. 


To visualise the biofilm structures on the reactor slides after the 4 weeks, 3 slides were removed from 
the reactor. The biofilms on the reactor slides were firstly fixed with 0.5 ml of 4% paraformaldehyde 
[Chao and Zhang, 2011]. The samples were covered with 1 ml of 10 ug/ml DAPI for 20 minutes in 
the dark. Biofilm structures were visualised using the objective lens with 100X magnification/1.30 
numerical aperture. The surface area of biofilms on the reactor surfaces was then calculated in Matlab 
by processing more than 30 images obtained from fluorescence microscopy. The original images 
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were firstly converted to gray-scale images using the Matlab command called “rgb2gray” and then to 
binary images using the Matlab command called “im2bw” in order to separate the biomaterial from 
the background of the image. After the surface area of the biofilm was calculated, it was divided to 
the total surface area of the image in order to finally calculate the percentage of this surface area (%). 


2.4 Spatial statistics 

Textural entropy was used to characterise the biofilm structures. Entropy is used to describe the 
randomness of the components of a gray-scale image by comparing the intensity of the image pixels. 
The higher is the value of the entropy, the more heterogeneous is the biofilm. This means that more 
complex biofilm structures are demonstrated in the image. Entropy refers to the gray levels, which 
the individual pixels can adopt. In an 8-bit pixel image, for example, there are 256 such levels [Yang 
et al., 2000, Beyenal et al., 2004]. The entropy, E, is here defined: 


E = —}plog p (6) 


where p is the pixel intensity associated with the gray level. Entropy was calculated using the Matlab 
function called “entropy”. To calculate the entropy more than 30 images of the biofilm structures, 
obtained from fluorescence microscopy, were used. 


The semi-variogram was used as another measure to characterise the spatial variance of biofilm 
structures within gray-scale images and quantify the spatial dependencies in the data sets. Its function 
relates the semi-variance of the data points to the distance that separates them. Large distance of the 
data points means more data pairs for the estimation of the semi-variance but less amount of detail in 
the semi-variogram. In other words, the semi-variogram is a way of graphically capturing the spatial 
variance of points on a landscape as a function of their distance. All combinations of points at a 
distance are collated and their variance is determined for all possible separation distances [Carr and 
de Miranda, 1998]. The semi-variogram was calculated using the Matlab function called 
“variogram.m”. 


The autocorrelation function (ACF) diagram was used as the last measure to characterise the biofilm 
structures. The ACF diagram is, in essence, a two-dimensional extension of the semi-variogram. It 
allows us to assess how the spatial autocorrelation changes with distance. It correlates pixel intensities 
within gray-scale images and detects the repetitive structures within the image under consideration 
by combining together all parts of it. The ACF diagram is a real-space image, so that its dimensions 
have the same meaning as in the original image. Interpretation of the ACF diagram can be understood 
by imagining the image to be printed on transparency and placed on top of itself but rotated by 180°. 
By sliding the top image laterally in any direction, the degree of match with the underlying original 
image is measured by this function [Heilbronner and Barrett, 2014]. The ACF diagram was calculated 
using the Matlab function called “autocorr2d.m”. 


3. RESULTS AND DISCUSSION 


3.1 Reactor medium, cells and microcolonies 

The total chlorine of drinking water after it was sampled from the tap was found at 0.36 mg/l and 
after the 4 weeks it was found at 0 mg/l, as it was expected, since chlorine can decay through its 
interactions with the material of the slides or with the adhering on them biofilms [Brown et al., 2011]. 
Also, the TOC of reactor medium at the onset of the experiment was found at (1.95+0.3) mg/l and 
after the 4 weeks it was found at (0.74+0.1) mg/l. This showed that the TOC was decreased with time 
probably due to its consumption from the bacteria. The concentration of cells in the bulk water was 
found at (5.1 + 0.5)*10° cells/ml and the concentration of microcolonies in the bulk water was 
determined at (3.6+0.2)*10° microcolonies/ml at the onset of the experiment. This showed that cells 
were formed into microcolonies in the drinking water that was sampled from the tap rather than only 
being at their own state. The concentration of cells on the reactor slides was determined at (1.9 + 
0.3)*10? cells/cm? (Figure la) after 4 weeks. This indicated that a quite high portion of the bacteria 
that were in the bulk water at the onset of the experiment were finally transferred to the reactor slides 
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after the 4-week period. The concentration of microcolonies on the reactor slides after the 4-week 
period was found at (2.6 + 0.7)*10° microcolonies/cm? (Figure 1b). This showed again that a quite 
high portion of the cells formed microcolonies on the reactor slides after 4 weeks. A microcolony is 
a form of aggregate, which is the coming together of bacteria in the bulk water that might be 
transferred finally onto the available surfaces. Thus, it is considered to be an important precursor for 
the formation of biofilms [Sheng et al., 2010, Saur et al., 2017]. 


b. 


Figure 1 a) Cells of about 1 um size attached to the reactor slides, b) microcolonies of about 10 
um size attached to the reactor slides as revealed by fluorescense microsocpy. 


a. 


3.2 Biofilms 

Under stagnant conditions, given that bacteria are not transported onto surfaces by flowing water, 
then one might expect gravity to have an effect; thus, the vertical slides of reactor to be less prone to 
cell colonisation. Also, the oligotrophic conditions implicate that there is not enough energy given to 
bacteria to come together to each other and form biofilms. Shear stress conditions have a number of 
effects on bacteria; they keep them in suspension and increase the probability of bacteria colliding by 
chance. They also enhance mass transfer processes, oxygen distribution within the bulk water of 
pipelines and any metabolic reactions between bacteria [Lee et al., 2002, Son et al., 2015]. Thus, it 
was surprising to find that biofilms did grow in drinking water under stagnant conditions and their 
percentage of surface area after 4 weeks was found at 19.2%. Also, after 4 weeks the thickness of 
biofilms was found at 119.54 um and their density at 9 mg/cm”. This validated that biofilms did form 
in drinking water under stagnant conditions. However, the thickness of the biofilm was not high 
compared to the thicknesses that have been found using the same method under shear stress conditions 
[Horn et al., 2003, Staudt et al., 2004, Elenter et al., 2007]. 


3.3 Biofilm structures 

Biofilms were found to form patchy structures consisting of rod-shaped bacteria (Figure 2) as 
revealed by fluorescence microscopy. The hazy part of biofilms in Figure 2 is probably the EPS of 
biofilms, which surrounded the cells. This patchy structure is also seen in laminar flow conditions 
where shear stresses are low [Stoodley et al., 1999a]. In turbulent flows biofilms tend to form much 
different structures such as filamentous structures that are also called streamers [Besemer et al., 2009]. 
However, streamers have been also identified in rare cases in laminar flow conditions [Rusconi et al., 
2010]. Bacteria under low flow conditions tend to form clusters, which are microcolonies that consist 
of densely packed cells held together by EPS. Thus, the patchy structures consisting of cell clusters, 
which were identified here, were not a surprising result. 
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Figure 2 Biofilm structures stained with DAPI as revealed by fluorescence microscopy. 


The entropy of biofilms was determined at 1.87. If all of the pixels of the image have the same value, 
or the image has no structures, or the image is composed of only white pixels or voids, the entropy of 
the image is 0 showing there is no gray scale variation in the pixels or heterogeneity. Increased 
numbers of structures in the image increase entropy due to increased gray level variability and 
heterogeneity in the image [Yang et al., 2000]. Thus, our measurements revealed that since entropy 
was not 0 or close to 0 this shows that characteristic biofilm structures were actually formed on the 
reactor surfaces. 


The semi-variogram is here demonstrated (Figure 3a). An important part of a semi-variogram is the 
“origin”, which represents the closest points of the diagram. Another important part of a semi- 
variogram is the “sill”, which is the variogram upper bound that is equal to the variance of the data 
set and it also reflects the amount of variability. The sill is usually found at large distances where 
there is no gradient in the diagram [Cohen et al., 1990, Cressie, 1993]. The lag distance at which the 
semi-variogram reaches the sill value is the “range”. In total, 12000 points were used for the 
calculation of the semi-variogram shown in Figure 3a. The gradient in the variance close to the origin 
was found to be shallow and linear. This indicated that values were co-located as the variance at short 
distance was found to be low. These measurements showed that the topography of the biofilm was 
now very heterogeneous, as it was expected for stagnant conditions [Stoodley et al., 1999b]. Finally, 
the range was found at about 70 um and the sill was equal to almost 9. 


The ACF diagram is here demonstrated as a contour plot (Figure 3b). The almost radially symmetric 
contours in autocorrelation do not suggest that there was only one spatially-correlated “lump” at the 
centre of the image. It is the average autocorrelation for all pixels on the image. In the ACF diagram, 
the central element provides a measure of the size and shape of the basic element that dominates the 
original image. The rest contour lines reflect the size and shape of the neighbourhood elements of the 
original image. Finally, the bar on the right side of the ACF diagrams provides a measure of the 
autocorrelation. The darker is the colour on the bar, the less is the autocorrelation value with its lowest 
value to be 0 and the highest one to be 1 [Russ, 2011]. In this diagram, the central element was found 
to be a circular feature, which size and shape corresponded to a cell. The rest contour lines, which 
were found to surround this main feature, were also circular and corresponded to a microcolony. 
These measurements suggest that radially symmetrical lumps were the prevalent topographical 
features, which could be associated with microcolonies. The contour plot in Figure 3b showed that 
cells align with themselves creating characteristic microcolonies, as it was also indicated in Figure 2. 
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a. b. 
Figure 3 a) Semi-variogram; the vertical axis represents the semi-variance and the horizontal 
one represents the distance in pm, b) ACF diagram; the axes represent the size of the original 
image in pixels. 


Overall, an annular reactor allowed us to grow biofilms in drinking water under stagnant conditions. 
Understanding the functionality and mechanisms of biofilms during the moderate (weeks) stages of 
their life will help in the consideration of future design of management strategies to control their 
growth in real drinking water systems. Our experiments suggest that biofilms were able to form in 
the reactor even under stagnant and oligotrophic conditions. However, these biofilms were not very 
thick and dense as it was revealed by gravimetric measurements. Fluorescence microscopy also 
revealed that biofilms were actually formed on the reactor surfaces creating characteristic patchy 
structures consisting of cell clusters. Finally, spatial statistics showed that the microcolonies were the 
most evident feature of the biofilm structures, which were not found to be complex, heterogeneous 
and irregular. Engineers should not overlook the biofilm-associated problems since a cursory 
understanding of the biology of the microorganisms that sit at the boundaries of our existing 
infrastructure will lead to an enhanced functionality of them. 
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Abstract 

Lake Kastoria and Lake Koronia, both shallow (maximum depth 8-9 m) and large lakes (29 and 45 
km’, respectively) of Greece, 50 years ago, have undergone heavy degradation by human activities 
over the past decades. Since 2002, Koronia became a temporary lake due to a dramatic decrease in 
surface area and depth owing to unsustainable water management. During the last two decades, efforts 
have been made for the restoration of both lakes based on programmes of measures. In this work we 
present the long-term phytoplankton changes in the lakes under restoration aiming to identify a) 
critical changes in target phytoplankton attributes set for ecological restoration and b) success in 
ecological water quality improvement. Following 23 years of sewage diversion in Kastoria and the 
last two years’ adjustment of the lake’s water level through flushing, all phytoplankton metrics 
(species composition, phytoplankton biomass, cyanobacterial biomass, Microcystis biomass) indicate 
partial success in community restoration and an obvious water quality improvement. The dominance 
of several non-harmful and good quality species of the genera Ceratium, Fragillaria, Dinobryon, 
Mallomonas, Cryptomonas, Rhodomonas and Nitzschia indicates species recover, however not 
complete, opening ecological processes restoration. In particular, after the episode of a heavy toxic 
cyanobacterial bloom (with Microcystis dominating the phytoplankton community) in 2014, the 
implementation of the flushing tool in 2016 - 2017 resulted in phytoplankton and cyanobacterial 
biomass decrease and temporal restriction of harmful species. On the other hand, in Lake Koronia, 
after the metaphyton dominance in the first years following the lake’s re-flooding (2010) the 
phytoplankton “seed-bank” species ruled over. During 2015 -2017, phytoplankton biomass 
comprised of a mixture of phytoplankton species recruited from the sediment, which dominated in 
the lake water since 2003. Specifically, in 2015-2017, the composition and species dominance were 
almost identical with those of the recently re-generated Lake Karla, known for its bad water quality 
and the recurrent episodes of fish and bird kills. Co-occurrence of the potential toxic, “seed-bank” 
species Anabaena aphanizomenoides /Aphanizomenon favaloroi, Prymnesium parvum, Planktothrix 
sp., Anabaenopsis elenkinii, Arthrospira fusiformis, Cylindrospermopsis raciborskii and Pfiesteria 
piscicida was recorded in Koronia in 2017. Based on the results of the present study, Lake Kastoria 
improved to a moderate quality in 2017 while Lake Koronia was characterized by a bad water quality 
the same year. This study is useful for the decisions involved in water quality management and 
implementation of the restoration programmes in both lakes. 


Keywords: Lakes Kastoria and Koronia, ecological restoration, water quality, phytoplankton 
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1. INTRODUCTION 


The core objective of the Water Framework Directive (WED) is that all surface waters should be in 
good or better ecological status by 2015 or at the latest in 2027 (European Commission, 2000). Excess 
nutrient loading has induced the development of high phytoplankton biomass and harmful algal and 
cyanobacterial blooms, degrading lake water quality (Vardaka et al, 2005; Michaloudi et al, 2009). 
During the past century, efforts have been made throughout European countries to reverse 
eutrophication and improve water quality by implementing various restoration measures. For 
instance, in Lake Constance, after several decades of eutrophication, a decrease in phosphorus loading 
over a decade (80° s) led to a partial recovery from eutrophication (Sommer et al, 1993) and finally 
the lake returned to oligotrophy (Eckmann et al, 2006). However, the eutrophication pressure still 
represents an important threat to the integrity of lake ecosystems and one of the main causes that 44% 
of European lakes fail to meet the good ecological status standards (EEA-ETC, 2012). To achieve the 
good status, the Member States should define and implement the necessary restoration programmes. 


Lake Kastoria and Lake Koronia were both shallow and large lakes of Greece 50 years ago. Since 
then, the lakes have undergone heavy degradation by human activities. During the last two decades, 
efforts have been made for the restoration of both lakes based on conservation programmes and the 
implementation of various measures. In Lake Kastoria, a positive phytoplankton response and water 
quality improvement was observed fifteen years after sewage diversion and nutrient control (Katsiapi 
et al, 2013). However, a deterioration was evident in 2014 with the appearance of an extended 
cyanobacterial scum (Figure 1) covering large part of the lake; this intense cyanobacterial incident 
was responsible for the production of an unpleasant odor affecting the residents of the town of 
Kastoria, thus even been mentioned in the Greek media. On the other hand, Lake Koronia became a 
temporary lake since 2002, due to a dramatic decrease in surface area and depth, caused by 
unsustainable water resource management (Michaloudi et al, 2012). In 2010, dense mats of 
metaphytic chlorophytes and cyanobacteria appeared in the lake after it was artificially flooded 
through a channel constructed under the lake’s restoration programme (Moustaka-Gouni et al, 2012). 


In ecosystem restoration, the assumption is made that with the recovery of species, ecological 
processes will also be restored (Lake et al, 2007). According to potential degradation - community 
recovery pathways proposed by Lake et al (2007) and adapted from Sarr (2002), if the disturbance is 
stopped and the habitat is rebuilt, then recovery will be complete and may be relatively rapid. In many 
eutrophic lakes, restoration aims at a significant decrease of total phytoplankton biomass with 
simultaneous shift in species dominance and if nutrients are successfully controlled then the 
phytoplankton recovery will happen, however, relatively slow (Romo et al, 2005; Katsiapi et al, 
2013). In attempts to re-establish populations, knowledge of the species’ life-histories is critical. The 
life history traits contribute to the system’s ability to supply recruits and support established species 
(Palmer et al, 1997). Knowledge of phytoplankton species life-histories is especially decisive for 
community recovery and restoration success (Moustaka-Gouni et al, 2012) in shallow degraded lakes 
with long histories of cyanobacterial and other disruptive phytoplankton blooms (e.g. Moustaka- 
Gouni et al, 2006; Michaloudi et al, 2009). Unsuccessful restoration is usually due to the emphasis 
paid on restoring the abiotic factors and at the same time ignoring the biotic ones, e.g. phytoplankton 
species life-histories and their population interactions (Suding et al, 2004). In the present study, we 
use phytoplankton as a target indicator to identify critical changes for successful ecological 
restoration and ecological water quality improvement. This selection is based on the double role of 
phytoplankton as an indicator of ecological water quality and as an impact on ecosystem functioning 
and services (Katsiapi et al, 2016) due to the formation of disruptive cyanobacterial and algal blooms 
(Michaloudi et al, 2009; Moustaka-Gouni et al, 2016). Particularly, we combine published 
information on phytoplankton changes and novel data of recent years from the lakes under restoration, 
aiming to identify critical changes in phytoplankton indicators for ensuring ecological restoration 
success. For this, total phytoplankton biomass, phytoplankton species biomass forming harmful and 
disruptive cyanobacterial and algal blooms, two modified Nygaard’s indices and a new index based 
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on quality group species were estimated according to the innovative phytoplankton community index 
PhyCol (Katsiapi et al. 2016). PhyCoI was developed for monitoring ecological status and was 
validated by using data from Greek lakes (Katsiapi et al, 2016). Ecological water quality was also 
assessed by using the PhyCol index. For Lake Koronia, we also focused on species recruitment traits 
that are critical for their establishment in lake plankton after its drying out (Moustaka-Gouni et al 
2012). 


September 2014 September 2017 


Figure 1. View of the water of Lake Kastoria along its shore in the town of Kastoria in 
September 2014 (cyanobacterial scum) and September 2017 (cyanobacterial bloom). 


2. STUDY SITE 


Lake Kastoria (40° 83’ 09” N, 21° 81' 89” E) is a polymictic lake with a 30 km? surface area, a 
maximum depth of about 8 m, and an average depth of about 4 m, situated at 625 m above sea level. 
In Lake Kastoria the presence of toxic cyanobacteria was established in 1987 (Cook et al, 2004). 
From 1987 until 2014, several toxic cyanobacterial blooms occurred in the lake (Cook et al. 2004; 
Moustaka-Gouni et al, 2006; Papadimitriou et al, 2010; Katsiapi and Moustaka-Gouni, 2016). 


Lake Koronia (40° 40’ 58” N, 23° 09’ 33” E) at 75 m above sea level used to be the fourth largest lake 
in Greece occupying an area of 46 km? and having a maximum depth of 8 m in the 1960’s. The two 
lakes in the 1960’s had similar basic morphometric attributes for the same lake type (WFD ANNEX 
II; European Commission, 2000) differing only in their altitude. However, a dramatic decrease in the 
surface area and depth of Lake Koronia due to anthropogenic effects and enhanced by prolonged 
drought periods resulted in the drying out of the lake in 2002, 2007, 2009 and in January of 2014 
(Michaloudi et al, 2012; Moustaka-Gouni et al, 2012; Moustaka-Gouni et al, unpublished data). 
However, in 2014 - 2017 heavy rainfalls contributed to a lake maximum depth of about 2 m. In 
addition to its dramatic size decrease and heavy pollution, Lake Koronia shifted from a freshwater to 
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a brackish lake. In September - October 2017 although conductivity of the lake water ranged in lower 
values (5.5 and 6.0 mS cm’') than previous years (e.g. Michaloudi et al, 2009) , Koronia still remains 
a very shallow brackish lake, thus a heavily modified water body according to WFD definitions 
(European Commission, 2000). Regarding the ecological harms in Lake Koronia, in August 1995 
(maximum depth 1 m) a massive kill of all fish occurred coinciding with a pH > 10 due to 
hypertrophic conditions and high photosynthetic rates of high populations of the nanoplanktic 
phytoplankters Chlorogonium and Oocystis species (Michaloudi et al, 2012). In 2004, a massive bird 
and fish kill occurred in the lake coinciding with an extremely dense bloom of the known toxic 
Prymnesium parvum (Genitsaris et al, 2009). In 2007, a mass mortality of flamingos coincided with 
a dense bloom of known toxic cyanobacteria (Moustaka-Gouni et al, 2007) while a bird kill in August 
2015 also coincided with a bloom of known toxic cyanobacteria (this study). 


3. METHODS 


For the long-term data of this study all the available publications in the scientific literature until 
January 2018, involving studies on phytoplankton in relation to ecological restoration of Lake 
Kastoria and Lake Koronia have been used. The most recent data (2014 -2017 for Lake Kastoria and 
2015-2017 for Lake Koronia) come from the examination of phytoplankton samples collected from 
the two lakes respectively. 


Phytoplankton sampling was carried out during the warm period of the year in both lakes. In Lake 
Kastoria samples were collected in August and September 2014, June, July, August and September 
2016 and April, May, July, September and October 2017 in one sampling point. In Lake Koronia 
samples were collected in July, August 2015 (by the National Monitoring Water Network), September 
2016 and September and October 2017 in one or two sampling points (in 2017: Analipsi and 
Anachoma; Figure 2). 


Fresh and preserved phytoplankton samples were examined using an inverted microscope with phase- 
contrast technique (Nikon SE 2000) and species were identified to species level using taxonomic keys 
and papers (e.g. Hindak and Moustaka, 1988; Moustaka-Gouni et al, 2016. Phytoplankton counts 
(cells, filaments, colonies) were performed using the Utermöhl method; at least 400 individuals were 
counted in each sample. The dimensions of 30 individuals (cells, filaments, colonies) were measured 
and the cell, filament and colony volumes were estimated using appropriate geometric formulae (e.g. 
Moustaka-Gouni et al, 2014). Both phytoplankton identification and counting were performed in a 
highly consistent way by two scientists under the supervision of the same expert. Species comprising 
of more than 10% to the total phytoplankton biomass were considered to be dominant. 


The phytoplankton indicator that is used here as a target to identify critical changes for successful 
ecological restoration and ecological water quality improvement is based on the calculation of the 
PhyCol index (Katsiapi et al, 2016). As a target indicator for lake restoration, we adopt here all five 
metrics of PhyCol, which are a) the total phytoplankton biovolume / biomass, b) the cyanobacterial 
biovolume / biomass according to WHO Guidelines for safe water use (Bartram et al, 1999) plus, the 
biovolume/ biomass of other known ecosystem disruptive algal blooms, c-d) the modified Nygaard 
Index calculated as two different sub-indices using species richness and biomass, respectively and e) 
the Quality Group species sub-index using the species richness of certain taxonomic groups that are 
associated with water quality. Apart of the obvious harm to humans, harmful algal/cyanobacterial 
blooms may disrupt ecosystem structure and function (e.g. blooms of Prymnesium parvum; 
Michaloudi et al, 2009; Oikonomou et al, 2012) that is important metric in assessing the ecological 
restoration success of a lake. The sum of their scores is a final indicator value, namely the PhyCol 
index, ranging from 0 to 5. This indicator range is subdivided in five classes of ecological quality 
corresponding to the following levels of impairment: 0-1: bad, >1-2: poor, >2-3: moderate, >3-4: 
good, >4-5: high/reference. For estimating the score of the metric phytoplankton biovolume / 
biomass, class boundaries for total phytoplankton biovolume/biomass for Lake Kastoria and Lake 
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Koronia are those of the preliminary lake types numbered 6 and 8, respectively, by Katsiapi et al 
(2016). 


RA > A R TE, = à Roe. NE $ pee A ~ S A ` 
Figure 2. View of the water of the Analipsi and Anachoma sampling points in Lake Koronia 
in September 2017. 


4. RESULTS AND DISCUSSION 


4.1 Phytoplankton long - term changes 

The long - term changes of the total phytoplankton biomass scaled up to boundaries of the five classes 
of ecological classification for the preliminary types of the studied lakes according to Katsiapi et al 
(2016) are presented in Fig. 3. In Lake Kastoria the high phytoplankton biomass of the period 1994 
— 1996, exceeding the poor - bad quality boundary, decreased in 2003 and 2005 indicating a moderate 
quality; a reverse trend though in 2007 resulted again in a bad lake water quality in 2014. 
Phytoplankton biomass decreased and water quality improved to a moderate level again in 2016 - 
2017. This biomass decline was attributed to a flushing of lake water (Moustaka - Gouni et al, 2017). 
Particularly, in 2016, water discharge from Lake Kastoria was regulated by ecologically - based water 
level recessions within critical limits (Moustaka-Gouni et al, 2017). In March 1.27 % of lake water 
volume was discharged within five days while in May 0.5 % of lake water volume was discharged 
within two days. A shift of dominance in early summer from toxic cyanobacteria (Katsiapi et al, 2013) 
to other phytoplankton groups is indicative of an improved water quality (Katsiapi et al. 2016). 
Species such as the dinoflagellate Ceratium hirundinella and the diatom Fragillaria crotonensis 
became dominant in 2016 (Figure 4) while the toxic cyanobacterium Microcystis decreased to very 
low levels. In 2017, the dominance of the chrysophytes Dinobryon and Mallomonas in April - May, 
and of the cryptophyte Cryptomonas and the diatom Nitzschia in October (Figure 4) indicates further 
improvement of ecological water quality, though within the range of a eutrophic lake. This 
dinoflagellate, diatom, cryptophyte and chrysophyte dominance from April to October, within the 
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hottest period that is ideal for cyanobacterial growth, restricted cyanobacteria during July-September, 
suggesting partial recovery of the phytoplankton community (Katsiapi et al, 2013). 


In Lake Koronia, phytoplankton biomass levels were indicative of a moderate water quality after the 
lake drying out in 2002 and its initial flooding in 2003 (Figure 3). This was due to the initial 
heterotrophic phase of plankton succession (Michaloudi et al, 2012). Harmful and disruptive blooms 
contributed to the very high phytoplankton biomass recorded during 2004 - 2011, which was 
indicative of a bad quality (Moustaka - Gouni et al, 2012). A significant decrease of total 
phytoplankton biomass with a simultaneous increase of species diversity, indicative of good quality, 
was recorded in 2015 (Figures 3, 5). However, the low phytoplankton biomass in the summer 2015 
was preceded by a heterotrophic phase (until June) when the lake water was dominated by detritus 
from metaphytic algae and conspicuous heterotrophic bacteria (Moustaka-Gouni et al, unpublished 
data). In addition to the heterotrophic phase indicating high organic matter, phytoplankton biomass 
although relatively low was not representative of a good water quality due to the dominance of 
cyanobacteria (Figure 5). Specifically, in late August, species known to produce cyanotoxins such as 
Anabaena aphanizomenoides re-classified as Aphanizomenon favaloroi according to Moustaka- 
Gouni et al (2016) and Anabaenopsis elenkinii (Table 1, Figure 5) comprising half of the total 
phytoplankton biomass (14.6 mg L!) coincided with a bird kill in the lake (Action for Wild Life, S. 
Kalpakis pers. com.). These two cyanobacterial species were also observed in Lake Koronia in 2004 
coinciding with a mass bird kill (Michaloudi et al, 2012). It is worth noting that A. favaloroi, reported 
for first time in Europe, formed 100% of the total phytoplankton biomass in the brackish Lake 
Vistonis in 2014 and was associated with the production of saxitoxins and a massive fish kill in the 
lake (Moustaka-Gouni et al, 2016). Furthermore, the dominant cyanobacteria A. favaloroi and A. 
elenkinii in Lake Koronia in August 2015 also dominated the phytoplankton community of the Greek 
Lake Karla with a simultaneous cyanotoxins occurrence during the period of pelican mortality in July 
2016 (Papadimitriou et al, 2018) and in 2017 (Moustaka-Gouni et al, unpublished data). In 2016 and 
2017 despite the increase of water depth an abrupt increase in phytoplankton biomass and a worsening 
of the water quality (poor in 2016 and bad in 2017) was observed (Figures 3, 5). The dominant species 
were the known toxin-producing cyanobacteria A.aphanizomenoides /A.  favaloroi, 
Cylindrospermopsis raciborskii, A. elenkinii and Planktothrix sp. (Figure 5; Table 1). A rare 
occurrence of the haptophyte Prymnesium cf. parvum and the dinoflagellate Pfiesteria piscicida was 
also recorded (Table 1). This was the first record of P. parvum in the plankton community of Lake 
Koronia after 13 years of its harmful bloom (Moustaka-Gouni et al. 2012), while this is the first record 
of P. piscicida in the lake. Both species have been also recorded in Lake Karla (Table 1) coinciding 
with fish kills (e.g. Oikonomou et al. 2012). 
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Figure 3. Long-term changes of total phytoplankton biomass scaled up to boundaries of the 
five classes of ecological classification in lakes Kastoria and Koronia according to Katsiapi et 
al (2016). Asterisk in Lake Koronia indicates the heterotrophic phase and the cyanobacteria 

dominance in the relatively low phytoplankton biomass in 2015. 
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Figure 4. Temporal changes in total phytoplankton biomass and species dominance in Lake 


Kastoria. 
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Figure 5. Temporal changes in total phytoplankton biomass and species dominance in Lake 
Koronia. 
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Table 1. Known toxin-producing species identified in the phytoplankton of Lake Koronia (this 
study, 2015-2017) and Lake Karla [according to Oikonomou et al. (2012) and Papadimitriou 


et al. (2018)]. 
Lake Koronia Lake Karla 

Cyanobacteria 
Anabaena aphanizomenoides y y 
[Aphanizomenon favaloroi 
Anabaenopsis elenkinii y V 
Arthrospira fusiformis y 
Cylindrospermopsis raciborskii y y 
Planktothrix sp. y V 
Prymnesiophyceae 
Prymnesium cf. parvum V y 
Dinophyceae 
Pfiesteria piscicida V y 


4.2 Phytoplankton indicator for assessing success in ecological restoration 

The values of the target indicator (PhyCol index) of the lakes’ restoration success are presented in 
Figure 6. In Lake Kastoria, a significant decrease of total phytoplankton biomass with a simultaneous 
decrease of the cyanobacterial biomass and a shift in species dominance from 2014 to 2016 resulted 
in a sharp increase of the phytoplankton target indicator, reflecting a good water quality. The highest 
indicator value (4.2) was recorded in April - May 2017 showing a further success in restoration 
through partial recovery of those phytoplankton species reflecting improvement in ecological water 
quality. In average, the indicator value was slightly below 3 for the years 2016-2017, the boundary 
of moderate-good water quality. However, water quality still remains lower than good, while toxicity 
of the remaining cyanobacteria in the lake water with possible health risks related to the use of lake 
water for recreational activities has been recorded (Katsiapi and Moustaka-Gouni, 2017). Taking into 
consideration these results, further effort for restoration should be continued by authorities to 
eliminate toxic cyanobacteria leading to a complete species recovery. 


In contrast to the obvious water quality improvement of Lake Kastoria in 2017 and the ongoing 
success of ecological restoration (Figure 7), deterioration of water quality was abrupt in Lake Koronia 
in 2017. The index value decreased from 2.2 (average 2015) and 1.1 (2016) to 0.8 (average 2017) 
(Figure 6). This deterioration (Figure 7) can be explained by the assumption made by Lake et al 
(2007) that with the recovery of species, ecological processes will also be restored. In Koronia, 
phytoplankton species recovery (such as Stephanodiscus, Figure 5) was restricted in 2015. In 2016 
and 2017, the lake’s phytoplankton community (Table 1, Figure 5) was characterized by species 
dominating degraded lakes with frequent occurrence of harmful cyanobacterial blooms, disruptive 
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Prymnesium blooms and euglenophytes blooms, characteristic of polluted waterbodies (e.g. 
Oikonomou et al, 2012; Nikouli et al, 2013; Papadimitriou et al, 2018). Attempts to re-establish 
populations of good quality species require knowledge of the species’ life-histories. In Koronia, when 
the lake water volume increased in 2015-2017, the phytoplankton life-history traits contributed to the 
ability of the system to supply recruits (Palmer et al, 1997) and support establishment of the harmful 
sediment “seed-bank” species, previously established in the degraded lake as invaders and “seed- 
bank” species (Moustaka-Gouni et al, 2012). 


In particular, in 2004, the haptophyte P. parvum was considered a successful invader (Moustaka- 
Gouni et al, 2012) because of its well-known invasive behavior (for review see Roelke et al, 2016) 
and the favoring habitat conditions in Lake Koronia (brackish water and pollution). Prymnesium can 
survive in a wide range of salinities and it blooms in brackish inland waters worldwide as in the case 
in the Greek Lake Karla (Oikonomou et al, 2012). It is a heteromorphic haptophyte with flagellate, 
immotile cells and cysts in its life-cycle, whereas its immotile phase was first described from Lake 
Koronia (Genitsaris et al, 2009). A. aphanizomenoides /A. favaloroi and A. elenkinii were also 
recruited from the sediment and overgrew in the lake water. P. piscicida, a known harmful 
dinoflagellate worldwide, reported in Karla Reservoir (Oikonomou et al, 2012) and Ismarida Lake in 
Greece (Koutrakis et al. 2016) can be considered a new successful invader and a “seed-bank” species 
for the future. C. raciborskii could be a “seed-bank” species due to its trait to form akinetes, as it is 
known also from the neighboring Lake Volvi (Moustaka-Gouni, 1988). The re-appearance of 
Planktothrix and Arthrospira in lake water after several years (Moustaka-Gouni et al, 2007) indicate 
their recruitment from the sediment. Overall, in the temporary, very shallow Lake Koronia, the 
phytoplankton community in 2017 was highly determined by the past phytoplankton species pool of 
the sediment. These results partly explain why phytoplankton community did not recover in Lake 
Koronia comprising an inherent barrier for successful restoration. 


Lake Kastoria Lake Koronia 


High 


Good 


Moderate 


PhyCol 


Figure 6. Temporal variations of the values of the target indicator of the lakes’ restoration 
success scaled up to five classes (in the y-axis) of ecological classification according to Katsiapi 
et al (2016). 
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Figure 7. Putative degradation-recovery pathways in Lake Kastoria (A) and Lake Koronia 
(B) according to the ‘shifting target model’ as adapted from Sarr (2002) and Lake et al (2007). 
Phytoplankton indicator in y-axis corresponds to the target indicator of the lakes’ restoration 

success based on PhyCol (Katsiapi et al, 2016). 
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Abstract 

This paper investigates the impacts of climate change on groundwater quality at the eastern 
hydrogeological basin of Thessaly in Greece. A modelling system has been applied, consists of 
General Circulation Model for estimating the precipitation and temperature changes, a surface 
hydrological model (UTHBAL) for the simulation of the surface hydrological processes and the 
estimation of the groundwater recharge, a groundwater hydrological model (MODFLOW) for 
simulation of groundwater flow and finally a transport and dispersion model of examining the nitrate 
fate and transport under different climate changes. The analysis was conducted for two future periods, 
a medium term period 2030-2050 and a long term period 2080-2100 examining three different 
socioeconomic scenarios SRES (A2, A1B and B1). Concerning the results, nitrate concentration in 
groundwater is likely to increase due to the reduction of groundwater recharge forced by climate 
change impacts on surface hydrology processes since the agricultural practices does not change. 


Keywords: Climate change, water resources management, nitrate contamination, nitrate modelling 
1. INTRODUCTION 


Water pollution is a top priority for protecting both the quantity and quality of groundwater. 
Groundwater quality degradation constitutes a common problem in the Mediterranean rural basins 
because of the multiple pressures in aquifers from excessive pumping and from returning irrigation 
flow which occurs after intense and extensive use of agrochemicals (Iglesias et al., 2007). 


Nowadays, the issue of climate change is crucial to add in the main pressures on groundwater bodies. 
Climate change is the most important environmental threat that mankind currently faces. 
Furthermore, it is a fact that climate change and the hydrological cycle are closely linked. The spatial 
and temporal distribution changes of precipitation; evapotranspiration; temperature as well as the 
implementation of adaptation strategies in agriculture and ecosystems will have a direct impact on 
water resources (Stoll et al., 2011). 


Mediterranean area is recognized as one of the world regions most affected by climate change. The 
majority of climatic models and scenarios predict less precipitation, higher mean and maximal 
temperatures in the Mediterranean during the summer (Pascual et al., 2014). In addition to, changes 
in the hydrological parameters of precipitation, temperature, evapotranspiration as well as the 
groundwater recharge bring changes in the quantity and quality assessment of groundwater hydrology 
(Pulido- Velazquez et al., 2015). 


The purpose of this paper targets to the assessment of the impact to climate change on groundwater 
quality concerning the nitrate pollution in the Lake Karla basin. Nitrogen is the main vital component 
to enhance the plant growth. Due to this fact, the intensive use of nitrogen-based fertilizers has been 
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dominated in order to increase the productivity as well as the quality of crops in a large number of 
rural areas on the world. However, the application of nitrogen-rich fertilizer exceeds the plant demand 
and the denitrification capacity of the soil. Nitrogen is led to groundwater in the form of nitrate, which 
is highly mobile with little sorption (Almasri and Kaluarachchi, 2005). 


2. KARLA LAKE CATCHMENT STUDY AREA 


The basin of Lake Karla is located at the Eastern part of the Larissa plain. It presents a form of closed 
elongated basin with a maximum length of 52 km and a width of 17-35 km. The basin is surrounded 
by the river Pinios and the Ossa Mountain in the north, the Mavrovouni mountain and Pelion in the 
east, the Chalkodonian Mountain and the Megavouni in the south and the Mount Phyllis in the West. 
It is a rural basin, as the plain is the most productive agricultural area in Greece, without the presence 
of urban and industrial areas. Cultivations correspond to the 67% of catchment area. The database of 
CORINE Land Cover 2000 for Greece [EEA, 2007] was used in order to identify land use types of 
the catchment area. The major crops are cotton, wheat, alfa-alfa, corn, tobacco and orchards 
(Sidiropoulos et al., 2016). 


The average slope of the basin is 11%, the terrain is smooth with less than 5% gradient in the 
lowlands; while up to 15% slopes in the mountain area. The region of Karla is a tectonic graben 
formed during the recent geological times (Sidiropoulos et al., 2013). 


2.1 Climate and Hydrology 

The microclimate of the region is classified in the Mediterranean continental climate; characterized 
by warm and dry summer as well as cold and humid winter. The average annual rainfall in the area 
is 450 mm. The average temperature is 16-17 °C, the lowest temperature presented in the winter and 
the maximum temperature recorded in the summer. Moreover, during the period December-March 
and rarely during the months of November to April observed frozen days. The mean annual relative 
humidity is 67- 72 % in the region. 


The hydrological basin of Karla presents geomorphological variety with altitude ranges from 40 to 
1970 meters and average altitude about 230 m. There are two altitude zones (sub-basins); the 
mountainous zone (altitude > 200 m.) and the lowland zone (with altitude <200 m). The aquifer of 
the study area is entirely located in the low altitude zone (Sidiropoulos et al., 2015). 


2.2 Geology and Hydrogeological Conditions 

Impermeable geological structures cover a 30.6% of the total area of Lake Karla watershed, karstic 
aquifers cover a 14.5% and permeable structures, which appear mainly in the plain, cover a 54.9%. 
The studied area of aquifer consists of alluvial deposits (Figure 1). The basement rocks, consisting of 
impermeable marbles and schist, are located underneath the permeable structures (Mylopoulos and 
Sidiropoulos, 2014). To the east, there is the Mavrovouni Mountain, which consists mainly of 
impermeable bedrocks such as schist. The Thessaly plain continues to the west with the Halkodonion 
Mountain located to the southwest .The underlying aquifer is located in the lower part of the basin, 
covering an area of 500 km’. Most of the aquifer’s area is plain with an altitude ranging from 45 to 
65 m. Only to the southwest the altitude reaches up to 90 m. 
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3. METHODOLOGY - MODELLING SYSTEM 


A physically based integrated modelling system was applied and its form presented in Figure 2. The 
modelling system consists of four computational simulation programs: 


General Circulation Models or global climate models (GCMs) 


A Surface Hydrological model (UTHBAL) for the simulation of the surface hydrological processes 
and the estimation of the groundwater recharge; 


A groundwater flow numerical simulator (MODFLOW 2000) and finally 


A solute and transport model for the advection and dispersion of nitrates. The evolution of 
groundwater [NO3] under climate change was modelled using the MT3DMS code. 


Modelling system was applied in a monthly time step from one historical period (06/1995 — 09/2007) 
and two futures periods (2030 — 2050, 2080 — 2100). Three different socioeconomic scenarios SRES 
(A2, AIB and B1) were examined for the two future periods, with the application of General 
Circulation Models. The GCMs did not apply for the historical period. 
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GCMs and the downscaling method create timeseries 
of precipitation and temperature for the mid-term (2030- Estimates basin surface runoff and 
2050) and the long-term period (2080-2100) groundwater recharge 


Groundwater recharge 


MODFLOW 
Utilizes the parameter of the groundwater 
recharge; creates maps of hydraulic heads 


and finally calculates the water budget of 
aquifer 


flow velocity 


MT3DMS 


Compute the mass flux, the mass transport 
and dispersion processes determine the 
extent of plume spread and the geometry of 
the concentration distribution 


Picture 2: Flow chart of Nitrate Modelling System 


3.1 Global Circulation Models (GCMs) 

Climate models are coupled tools for examining local, regional or global climate behavior and 
variability in relation to altering conditions on the Earth. They are in different forms; ranging from 
simple climate models (SCMs) of the energy-balance type to Earth-system models of intermediate 
complexity (EMICs) to comprehensive three-dimensional (atmosphere—ocean) general circulation 
models or global climate models (GCMs). GCMs are the most sophisticated tools, available to 
simulate the current global climate and future climate scenario (Green et al.; 2011). GCMs frequently 
used to develop scenarios of future climate (rainfall; temperature; radiation; etc.) considering different 
scenarios. The paper analyses three different socioeconomic scenarios, SRESA2, SRESB1 and 
SRESAB1 for two future periods, one mid-term 2030-2050 and one long-term 2080-2100 (Klove et 
al.,2014; Tzabiras et al., 2016). 


SRES A2 scenario assumes a strong economic growth, which is regionally oriented, and fragmented 
technological change with an emphasis on human wealth. The B1 scenario describes a convergent 
world with the same global population that peaks in mid-century and declines thereafter. SRESA1 
indicates a rapid change in economic structures toward a service and information economy, by 
reducing material and the introduction of clean and resource-efficient technologies. The emphasis is 
on global solutions to economic, social and environmental sustainability, including improved equity, 
but without additional climate initiatives. The three Al categories are distinguished in three 
subgroups by their technological emphasis: fossil intensive (A1 FI), non-fossil energy sources (AIT) 
and a balance across all sources (A1B) (where the balance is defined as not relying on a heavily one 
particular energy source, but to the assumption that similar improvement rates apply to all energy 
supply and end-use technologies) (IPCC, 2007). 
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3.2 Surface Hydrological Model 

According to Loukas et al. (2007) the surface hydrological model has been developed by a network 
of 12 precipitation stations and 26 meteorological stations in the study area for the estimation of 
monthly average of surface precipitation; monthly average of evapotranspiration and monthly average 
of surface temperature for historical period 1995-2007. Subsequently the statistical downscaling 
method have been applied for the mid-term period (2030-2050) and the long-term period (2080-2100) 
in the study area (Tzabiras et al., 2016). 


3.3 Groundwater Hydrological Model 

The groundwater hydrological model has been tested and applied for the study area of the alluvial 
aquifer by Sidiropoulos et al. (2013). A grid has been formed by 12,500 active cells and dimension 
of 200 m X 200 m. The inflows into the aquifer are: i) the infiltration due to the rainfall, calculated 
in a monthly step from UTHBAL, ii) the irrigation return flow, which has been equal to 10% of the 
irrigation requirements and has been aggregated in the recharge parameter and iii) the moderate 
hydraulic connection with the adjacent aquifer to the west. The outflows are the extracted 
groundwater from the wells. Modflow calculates the groundwater movement, the volumetric budget 
of aquifer and creates maps of hydraulic heads (Sidiropoulos et al., 2015) 


3.4 Solute and transport Model 

MT3DMS was applied to study the spatial and temporal distribution of nitrate on the groundwater 
regime for climate change prediction purposes. The spatial distribution of nitrates concentration is 
defined mainly by the advection and dispersion mechanisms calculating the mass flux at sources/sinks 
(Sharma et al., 2014). MT3DMS links to MODFLOW, directly. It retrieves the saturated thickness 
for each cell, fluxes across cell interfaces in all directions, and the locations of flow rates of the various 
sources and sinks. The nitrate fate and transport model is a three-dimensional areal model, as the 
groundwater flow model (Almasri and Kaluarachchi, 2005). 


Hydrodynamic dispersion coefficients, consist the main parameters of a solute and transport 
modelling. Longitudinal dispersivity (aL) symbolizes the local variations in the velocity field of a 
groundwater solute in the direction of groundwater flow (Schulze-Makuch et al., 2005). 


The hydrodynamic dispersion parameters depend on geological characteristics of aquifer. As a result, 
according to the review paper Gelhar et al. (1992) the longitudinal dispersivity (aL) was set to 20 m 
and the transverse dispersivity (ar) value was equal to 0.1. The parameter of molecular diffusion was 
considered as neglected. Nitrate leaching was estimated from empirical equation (equation 1) which 
is based on bibliography data, that is approximately 30% to 50% of the applied nitrogen fertilizer 
leaches to groundwater in the NO3 form (Siarkos et al., 2013). Furthermore, the nitrate loading 
parameter based on data from Wichmann (1992) except from the groundwater recharge, which is 
calculated by UTHBAL. 


Nitrate loading (KB) *0.4 
day 


recharge mMM y cultivated area (m) 
365 


(1) 


Cultivation data have been collected from the Integrated Management System of Cultivated Areas. 
The spatial reference of cultivations has been done with the use of a Geographical Information System 
at Municipal District Scale (Figure 3). 
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Picture 3: Location of Sampling Points 


A sensitivity analysis was conducted, in order to determine the parameters which mainly induced the 
alterations on the simulated nitrate concentrations at the sources/sinks. The sensitivity analysis 
indicated that the nitrate leaching parameter is the most uncertain parameter. Therefore, the model 
was calibrated for the nitrate leaching parameter via the trial-and-error approach for the 1995 and 
2007. Visual inspection (figure 4) and performance measures as explained by Nash—Sutcliffe model 
efficiency coefficient (Eff= 0.96) indicate the successful modelling. In this period observed 
systematic recording of groundwater quality by the Institute of Geological and Mineral Exploration. 


Observed Vs Simulated Concentration 


on (mg/1) 


-+~ Observed Concentratic 620 37.20 37.20 14.52 5.00 616 27.28 7.04 21.00 7.00 40.00 32.00 5.00 37.20 21.56 00 17.60 660 5.00 12.32 11.88 26.84 11.44 12.40 12.40 5.00 18.6 


Wells 


Picture 4: Observed vs simulated concentration values of calibration process 
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4. SIMULATIONS — RESULTS 


4.1 Surface Hydrological Model 

The study indicates that the average annual rainfall will show a decrease in all three socioeconomic 
climatic scenarios in the medium-term future period 2030-2050. According to the expected trends in 
all three scenarios, the water budget deficits observed elevated. The climate change impacts are more 
obvious in the long-term period 2080-2100. As a conclusion should be mentioned the small increase 
of the average annual temperature in the three scenarios for the medium and long term; 
simultaneously. The recharge is the parameter which affects mostly the nitrate leaching on aquifer. 
The recharge was estimated to 81.4 mm for historical period, while it was reached 83.4 mm for 
SRESB1 scenario in the mid-term period, 81.0 mm for SRESAIB and 78.3 mm for the most intense 
SRESA2 scenario. Conversely, during the long-term period 2080-2100 the recharge was 80.5 mm 
for SRESB1, 75.8 mm for SRESA1B and 74.7 mm for SRESA2. 


4.2 Groundwater Hydrological Model 

Regarding the historical period 1995-2007, the aquifer’s water balance was negative by 143.65 hmô. 
For the mid-term period 2030-2050 recorded an increase of water deficit by 1.02 % at 145.11 hm? 
for SRESB1 scenario, 1.62 % at 145.98 hm? for SRESABI1 scenario and 1.63 % also at 146 hm? for 
SRESA2 scenario. On the other hand, for the long-term period 2080-2100 groundwater deficit is 
increased by 4.65 % at 150.33 hm? for SRESB1 scenario, by 2.12 % at 146.69 hm? for SRESAB1 
and by 3.44 % at 148.59 hm? for SRESA2 scenario, respectively. 


The greatest drawdowns of aquifer are located at its central part for the two future periods. The 
absolute height of hydraulic heads range from -100 m to 60 m for the medium future period and reach 
up to -160 m for the long future period. The main feature is that the water demand is increased as a 
result of climate change and therefore increasing the irrigation requirements. 


4.3 Solute and transport Model 

All three socioeconomic scenarios present changes in nitrate concentration concerning the historical 
period. The differences between the three socio-economic scenarios in the medium and the long term 
period can be characterized as negligible. It is worth noting that there is a slight change in the SRESA2 
scenario in the northern part of the study area both in the medium-term (2030-2050) and the long- 
term (2080-2100). Nitrate concentrations on groundwater range from 0 to 30 - 35 mg /I for the 
medium term period, while in the long term period range from 0 to 40 - 45 mg/l. The most high 
nitrate concentrations are recorded on the south eastern part of the study area concerning the medium- 
term period as well as the long term period. 


On the contrary, the nitrate concentrations in the historical period range from 0 - 45 mg/l. The 
maximum nitrate concentration of 45 mg/l is limited in the historical period on comparison with the 
nitrate concentration which is recorded extensively on the long period, at the southeastern part. The 
maximum allowable limit according to directive 98/83/EC is the 50 mg/l. In addition to the maximum 
limit, the value of 25 mg/l has been also determined as “‘indicative value /guidance value’’ by the 
directive. It is worth to mention the indicative value due to the fact that a large number of water supply 
wells exist in the studied area, which are utilized for domestic use on the surrounding villages and the 
Volos city (Sidiropoulos et al., 2015). The differences between the three socio-economic scenarios in 
comparison with the historical period are ranged from 0 to 10 mg/l in the mid-period and 0 to 15 mg/l 
in the long period (2080-2100). 
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a) HISTORICAL 2007 b) SRESB1 2050 c) SRESA1B 2050 d) SRESA2 2050 
e) SRESB1 2100 f) SRESA1B 2100 g) SRESA2 2100 


Picture 5: Nitrate concentrations maps of: a) Historical Period 2007; b) SRESA1B 2050, 
SRESA1B 2100 c) SRESB1 2050, SRESB1 2100; d) SRESA2 2050, SRESA2 2100 


5. DISCUSSION AND CONCLUSIONS 


Climate change and variability will likely have numerous effects on recharge rates and mechanisms. 
According to Green et al., (2011) a large number of climate change studies have predicted reduced 
recharge although the effects of climate change on recharge may not necessarily be negative in all 
aquifers during all the period. The effect of climate variability is responsible for changes in the 
aquifer. From the groundwater climate change point of view, the optimal groundwater management, 
the optimum volume of pumped water, the number and_ the location of pumping wells have to be 
determined (Sidiropoulos et al., 2013; Tzabiras et al., 2016). 


Concerning the groundwater quality, an increase in the concentration of nitrates are observed. This is 
justified by the fact that nitrates are characterized as water soluble contaminants and the reduction of 
recharge prevent their dissolution. Antonakos and Lambrakis, (2000), indicated that the areas of 
increased recharge coincide with the areas of diluted nitrate ion concentration. Therefore, the nitrate 
concentration in groundwater mainly depends on the recharge 


Regarding the implications for nitrate leaching to groundwater as a result of climate change, Stuart 
and his associates (Stuart et al., 2011) referred to the fact that there is not well enough understanding 
them yet to make useful predictions without a lot of observed data. The few studies, which address 
the hydrological cycle, show likely nitrate leaching ranging from limited increases to a possible 
doubling of aquifer concentrations by 2100, since the current cultivation pattern will not change 
(Stuart et al., 2011). 
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Abstract 

Prolonged dry periods observed during the past years and intense groundwater abstraction for 
irrigation purposes have raised awareness on groundwater resources management in many 
agricultural areas. Climate change is expected to increase the frequency of extreme dry periods and 
groundwater systems recharge will be seriously affected. 


The present study emphasizes on the investigation of climate change impacts on groundwater 
availability in Chania plain groundwater system. Chania plain is considered one of the most important 
agricultural regions in Crete, where groundwater is the prime source used for irrigation. Intense 
irrigation needs put pressure on the groundwater system, especially during the dry period (April- 
September), when the water table is lowered by around 3.5 m. Groundwater flow simulations for the 
area, using climatic projections for meteorological variables produced by the RCA4 Regional Climate 
Model of the Swedish Meteorological and Hydrological Institute (SMHI) driven by the Max Planck 
Institute for Meteorology model MPI-ESM-LR, forced by the IPCC RCP 4.5 and 8.5 scenarios, have 
shown an additional decrease of the water table of approximately 4 m, during the dry period of 
predicted dry years. 


Keywords: Groundwater system recharge, IPCC scenarios, MODFLOW, Irrigation water 
1. INTRODUCTION 


Agriculture is an economic sector vulnerable to climate change, as it is highly dependent on climatic 
conditions and on the availability of surface and groundwater resources for irrigation purposes. 
During the last decades, forced by the importance of agricultural sector for the economic 
sustainability and food security, awareness has been raised on future climate change impacts on 
irrigation water. In many agricultural regions of the Mediterranean basin, agriculture is already under 
pressure due to limited irrigation water resources, as Mediterranean countries are already facing 
extended periods of drought during summer. Additional pressure is expected to be imposed due to 
water resources vulnerability to future climate change. 


Crete is highly dependent on the agriculture sector. The utilised agricultural area (consisting of arable 
land, permanent crops, pastures - transitional forest/shrubland, pastures - combined 
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shrubland/herbaceous plants, pastures and heterogeneous agricultural areas) occupies approximately 
70% of the total area and amounts to 653,305ha (Hellenic Statistical Authority, 2000/2010). About 
42.3% of the cultivated land is irrigated [LIFE ADAPT2CLIMA, 2016]. 


In the present study, an assessment of groundwater system response to future climate change in 
Chania Plain, an important agricultural and touristic area of Crete, under the pressure of climate 
change climatic projections for meteorological variables produced by the RCA4 Regional Climate 
Model of the Swedish Meteorological and Hydrological Institute (SMHI) driven by the Max Planck 
Institute for Meteorology model MPI-ESM-LR, forced by the IPCC RCP 4.5 and 8.5 scenarios is 
presented. 


2. CASE STUDY 
The Chania Plain is located on the north part of the Chania Prefecture, Crete, Greece (Figure 1). It is 


mainly an agricultural area, where the main cultivations are olives, avocados, citrus and annual crops 
such as tomatoes. In the coastal part of the aquifer, tourism zones have been developed. 


r r L> - ao d 
oo” C} Kye 


Figure 1: The Chania Plain aquifer 


The pilot aquifer is part of the granular aquifer of Chania, namely GR1300022 and is characterized 
as satisfying in terms of quality and quantity [Special Secretariat for Water, 2015]. However, the 
intense agricultural activities in the area impose significanet pressure to the groundwater resources. 
As shown in Figure 2, the aquifer mainly consists of alluvium deposits, medium permeability rocks 
and phyllites—quartzites units. A southern part of the aquifer neighbors with high permeability rocks 
which comprise karstic limestones. In this part of the aquifer, Ayia springs are met, consisting a 
significant recharge for the groundwater system. 
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Figure 2: Hydrogeological map of Chania pilot aquifer 


Sea of Crete 


3. METHODOLOGICAL APPROACH 


A groundwater flow model is developed for Chania Plain aquifer in order to evaluate the impact of 
future climate change and irrigation practices on groundwater availability. Groundwater flow model 
calibration and validation is followed by the selection of a characteristic mean hydrological year to 
approximate the current state with respect to water table. Then, a series of simulation runs were 
performed in order to estimate changes in groundwater variability under pressure of a foreseen 
extreme dry hydrological year based on the Regional Climate Models MPI-RCA4, forced by the IPCC 
RCP 4.5 and 8.5 scenarios. The steps followed to investigate climate change impacts in groundwater 
system are displayed in Figure 3. 


Data collection 
Groundwater flow 
model development 
Model calibration 

and validation 


3.1 Groundwater flow model development 

The Chania Plain groundwater flow model was developed using US Geological Survey MODFLOW 
algorithm [McDonald and Harbaugh, 1988], a block-centered finite-difference computer code that 
solves the groundwater flow equation. Visual MODFLOW Flex [Waterloo Hydrogeologic, 2017] was 
also used as a pre- and post- processor. The groundwater flow model developed was calibrated on 
transient conditions for the hydrological years 2004-2008 for the values of hydraulic conductivities 
and pumping rates obtained from previous reports and the literature using a trial and error approach. 


Selection of a 
characteristic mean 
hydrological year 


Simulation run for a 
foreseen extreme dry 
hydrological year 


Historic water table 
measurements 


Estimation of 
groundwater table 
variation 


Figure 3: Methodology flow chart 
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Irrigation return flow during the irrigation season was estimated and included into the model as 
additional recharge. The groundwater system is also enriched through local river interactions and 
Ayia springs. Historic hydraulic heads measurements were used to calibrate subsurface flow while 
pumping rates were estimated based on previous reports and data obtained from communication with 
local farmers. Since calibration had been completed, the model was validated based on the additional 
available historic data. 


3.2 Climate change projections 

In order to assess climate change impacts on Chania Plain aquifer, future precipitation data derived 
from sets of Regional Climate Models (RCMs) simulations carried out were used in order to estimate 
future recharge in the aquifer [LIFE ADAPT2CLIMA, 2017]. Future precipitation data used are based 
on RCA4 Regional Climate Model of the Swedish Meteorological and Hydrological Institute (SMHI) 
(Strandberg et al., 2014 and references therein) driven by the Max Planck Institute for Meteorology 
model MPI-ESM-LR [Popke et al., 2013] hereafter MPI-SMHI. The model has a horizontal resolution 
of 12km? and was developed within the framework of EURO-CORDEX (Coordinated Downscaling 
Experiment - European Domain). Future model projections were based on two new IPCC scenarios, 
namely the RCP4.5 and the RCP8.5. 


RCP4.5 is a stabilization scenario where total radiative forcing is stabilized before 2100 by the 
employment of a range of technologies and strategies for reducing greenhouse gas emissions [Clarke 
et al., 2007]. Radiative forcing in RCP4.5 peaks at about 4.5 W/m2 (~540 ppm CO2) in year 2100 
(Thomson et al., 2011). RCP4.5 is comparable to the SRES scenario B1 with similar CO2 
concentrations and median temperature increases by 2100 according to Rogelj et al. [2012]. RCP8.5 
is characterized by increasing greenhouse gas emissions over time, representative for scenarios in the 
literature leading to high greenhouse gas concentration levels. RCP8.5 assumes a high rate of 
radiative forcing increase, peaking at 8.5 W/m? (~940 ppm CO2) in year 2100 (Riahi et al., 2011). 


4. RESULTS 


4.1 Assessment of the current water resources conditions in Chania Plain aquifer 

Chania Plain aquifer is characterized as adequate in terms of quantity conditions (Special Secretariat 
for Water, 2015). Based on available historic head data series, it is observed that there is a balance 
between groundwater withdrawal and recharge. However, an approximately 3.5 m level difference is 
observed from dry to wet period (Figure 4). 


(a) Wells location in Chania Plain pilot area 
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im) DL-29 


Time 
(b) Historic hydraulic head measurements — DL29 


(m) 


Time 
(c) Historic hydraulic head measurements — PL24 


Figure 4: Groundwater level at various observation wells in Chania Plain pilot area 


This 3.5 m groundwater level fluctuation between the dry and the wet period is also depicted on the 
results of the numerical simulations (Figure 5). 


Groundwater level contour 40 m a.m.s.l. 


Figure 5: Groundwater level in Chania Plain aquifer for the base hydrological year — (a) end 
of wet period and (b) end of dry period 
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4.2 Chania Plain aquifer response to future climate change, under RCP4.5 and RCP8.5 
Predicted groundwater level in Chania Plain aquifer for an extreme dry hydrological year, based on 
the MPI-SMHI model, forced by the IPCC RCP 4.5 and RCP 8.5 scenarios are presented on Figures 
6 and 7, respectively. 


Groundwater level contour 40 m a.m.s.l. 


Figure 6: Predicted groundwater level in Chania Plain aquifer for extreme dry hydrological 
year, based on the MPI-SMHI, under RCP 4.5 — (a) end of wet period and (b) end of dry 
period 


Groundwater level contour 40 m a.m.s.l. 


Figure 7: Predicted groundwater level in Chania Plain aquifer for extreme dry hydrological 
year, based on the MPI-SMHI, under RCP 8.5 — (a) end of wet period and (b) end of dry 
period 


Groundwater flow simulation results for the Chania Plain aquifer, using climatic projections forced 


by the IPCC RCP 4.5 and 8.5 scenarios, have shown an additional decrease of the water table of 
approximately 4 m, during the dry period of predicted dry years. 
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5. DISCUSSION AND CONCLUSIONS 


Based on the present analysis Chania Plain aquifer will be subjected to severe climate change impacts, 
as a mean groundwater level depletion of almost 4 m is foreseen. Especially in Ayia area, 6.5 m 
depletion of mean groundwater level is estimated. Consequently, the results of the present research 
underline the need for changes in agricultural practices. At the same time a more direct interpretation 
of climate change impacts to aquifer sustainability is required. In 2012, Gleeson et al. introduced 
Groundwater Footprint (GWF) that expresses the area required to sustain groundwater use and 
groundwater dependent ecosystem services. GWF represents a water balance between aquifer inflows 
and outflows, focusing on environmental flow requirements. Charchousi et al. [2017] have used the 
GWE concept to assess groundwater resources sustainability under the current climatic conditions 
and the existing pumping schemes. The estimated GWF indicates that the groundwater management 
in the area is sustainable, in accordance to the aquifer characterization by the Special Secretariat for 
Water [2015] as satisfying in terms of quantity. 


The GWE could be proved to be a useful tool for groundwater analysis and policy as it can raise 
awareness since it is intuitive to the general public. The GWE could also be proved to be useful for 
identifying groundwater dependent ecosystems vulnerability to future climate change. For these 
reasons, GWF estimation under the foreseen extreme dry years examined in the present study is 
ongoing. 
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Abstract 

Amarantus sp. is recognized as a promising plant species due to high nutrition value and resistance 
to adverse environmental conditions. Due to C4 photosynthetic pathway, amaranth can be grown 
under elevated salinity or water deficit. As salinity is one of the most serious and continuously 
increasing limiting agents in agriculture, investigations of resistant, high productivity and nutritional 
value agricultural crops is of particular importance. The aim of this study was to investigate and to 
compare the resistance of 3 Lithuanian genotypes of Amaranth (‘Raudonukai’, ‘Rausvukai’ and 
‘Geltonukai’) to increased salinity. Pot experiments were conducted in growth chambers, plants were 
exposed to 50 and 150 mM NaCl levels. Seed germination, shoot growth and photosynthetic rate were 
investigated. At the earliest growth stage ‘Raudonukai’ demonstrated the highest resistance, 
germinating 2-3 fold better as compared to other varieties. In contrast, growth of aboveground 
biomass of ‘Raudonukai’ was the most seriously affected (up to 54% decrease), followed by 
‘Geltonukai’ and ‘Rausvukai’. Leaf area decreased similarly in all varieties, slightly higher effect was 
characteristic for ‘Rausvukai’. The photosynthetic rate declined for all plant species with increasing 
salinity and exposure time. 50mM salinity level had no impact on photosynthetic performance. The 
strongest effect for ‘Rausvukai’ and ‘Raudonukai’ was observed after 10 days of exposure to 150 
mM (up to 33% and 24% inhibition, respectively), followed by adaptation and recovery to control 
level after 15 days of exposure. Similar reduction of photosynthetic rate was detected for 
‘Geltonukai’, however, photosynthetic adaptation was not observed. Results of this study have shown 
that Amaranth can be classified as salinity resistant crop species, as vegetative growth and 
photosynthetic performance were not significantly affected by relatively high (50mM) NaCl 
concentrations. The negative effects of salinity depended on the growth stage of variety of Amaranth. 
The most resistant variety at germination growth stage and with respect to photosynthetic 
performance was ‘Raudonukai’, followed by ‘Rausvukai’ and ‘Geltonukai’. 


Keywords: Amarantus sp., Soil salinity, Stress resistance, Germination, Photosynthetic rate 
1. INTRODUCTION 


Soil salinity is one of the most prevalent soil degradation factor in Earth. In Europe, salt-affected soils 
are in Hungary, Romania, Greece and Italy. According to the European Commission, there was about 
had 1-3 million hectares of soils, affected by increased salinity in 2009, in the European Union. More 
than 800 million hectares of land around the world are affected by salinity. It accounts for over 6% 
of the world's land area (Munns & Tester, 2008). 


Plant growth can be triggered by osmotic and ionic effects of increased soil salinity (Panuccio et al., 
2014). The response in plants occurs in two stages: the first one is the osmotic stress phase, the second 
is the toxic stress induced by salts accumulated in leaves (Munns, 2002). The general effect is necrosis 
and growth retardation (Omami & Hammes, 2006). One of the strategies to avoid salinity stress is 
prolonged stomatal closure. It limits transpiration and sustains osmotic balance within plant tissues. 
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C4 photosynthesis allows the plants to acquire CO2 during the periods of reduced stomatal 
conductance, therefore it increases plant resistance not only to drought and heat, but also to increased 
soil salinity. 


One of the C4 plants, characterized by high tolerance to soil salinity is Amaranths (Jeyanthi et al., 
2010; Amukali et al., 2016). These plants belong to the dicotyledones class, the caryophyllidae 
family, the genus Amoranthaceae Juss. Because of the huge variety of genotypes, taxonomic 
classification of Amaranths is difficult. There are about 60 genotypes of Amaranths in the world, 
most of which are wild (Stallknecht & Schulz-Schaeffer, 1993). Amaranths are grown mostly for 
leafs and grains, having high nutritive value (Kauffman & Weber, 1990). The aim of this study was 
to investigate and to compare the resistance of 3 Lithuanian genotypes of Amaranth (‘Raudonukai’, 
‘Rausvukai’, ‘Geltonukai’) to increased salinity at the germination and juvenile growth stages. 


2. MATERIALS AND METHODS 


Plants were grown in phytotron chambers with the following conditions: photoperiod - 14 h, average 
day/night temperature - 22° C /16° C, relative humidity - 75 %, light intensity - 150 umol m-2 s-1. In 
order to investigate salinity effects on the earliest growth stages of germination of Amaranth plants, 
seeds were germinated in Petri dishes, 25 seeds in each. Petri dishes were protected from direct light. 
Seeds were exposed to 0 mM, 50 mM and 150 mM NaCl solutions. Germination was monitored for 
7 days. 


A pot experiment was carried out to investigate salinity effects on Amaranth’s growth and 
photosynthesis. Ten seeds were planted in plastic pots (volume 3 1), in universal peat substrate, 
prepared for germination and growing of agricultural plants. Seedlings were rarefied till one plant per 
pot 1 week after germination. NaCl treatment was started 7 weeks after germination and lasted for 15 
days. Plants were watered with equal amounts of 0 mM, 50 mM ir 150 mM NaCl solutions. 


At the end of the treatment, photosynthetic rate, dry shoot biomass and leaf area were analyzed. The 
measurements of gas exchange were performed using a portable closed infrared gas analyzer LI-COR 
6400 (LI-COR, Inc., Lincoln, NE, USA) with randomly selected the youngest fully expanded leaf. 
Leaf area was measured with a scanner (CanoScan 4400F, Canon, USA) and determined using GIMP 
2.8 software. All measurements were carried out in three replicates. The data were analysed using 
STATISTICA 8 and the results were expressed as the mean values and their confidence intervals 
(p<0.05) (495% CI). 


3. RESULTS AND DISCUSSION 


3.1 Salinity effect on Amaranth’s germination 

Salinity effect on Amaranth seed germination highly varied between varieties and NaCl stress 
intensity (Figure 1). The variety ‘Raudonukai’ was least affected by increasing salinity: 50 mM NaCl 
concentration reduced its germination by 18%; 150 mM NaCl concentration induced stronger 
inhibition, however no statistically significant differences were detected between these two stress 
levels. The variety ‘Rausvukai’ was similarly resistant to lower level of salinity, however it was 
sharply inhibited by stronger NaCl stress. “Geltonukai’ was the most sensitive variety at this growth 
stage, as germination of these plants were inhibited by approximately 40% and 78% throughout all 
germinating periods for 50 mM and 150 mM NaCl stress, respectively (Figure 1). Besides inhibition 
of germination, a delay in it was also observed for all Amaranth’s varieties, as it has been already 
detected in the previous studies (Jeyanthi et al., 2010; Amukali et al., 2016). 
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Figure 1. Salinity effects on germination of different varieties of Amaranthus seeds (letters 
represents different varieties: A-‘Rausvukai’, B-‘Geltonukai’, C-‘Raudonukai’). 


3.2 Salinity effects on photosynthesis and plants’ growth 

Different varieties of Amaranth varied significantly according to the tolerance to increased soil 
salinity, as was detected by diverse inhibition of growth. ‘Rausvukai’ was found to be the most 
tolerant with respect to dry shoot biomass: 150 mM NaCl induced the lowest (15.4%) growth 
inhibition; about two-fold stronger effect was observed on other investigated varieties. Moreover, 
‘Raudonukai’ was significantly affected by even 50 mM NaCl concentration. Whereas leaf 
development of different varieties showed an opposite tendency. The treatment with 150 mM NaCl 
solution reduced leaf area of all varieties of Amaranth plants, but the strongest negative effect was 
observed for ‘Rausvukai’: 47% (p <0.05) reduction compared to control was detected. The order of 
decreasing tolerance to salinity of investigated Amaranth plants with respect to leaf development was 
as follows: ‘Geltonukai’, ‘Raudonukai’ and ‘Rausvukai’ (Figure 2). 
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Figure 2. Salinity effects on leaf area and dry shoot biomass of different varieties of 
Amaranthus. 


The photosynthetic response of investigated Amaranth plants was measured 5, 10 and 15 days after 
the beginning of salinity treatment as well as immediately before the treatment. The negative NaCl 
effect on photosynthetic carbon assimilation revealed at the10™ day of exposure, as photosynthetic 
rate, measured 5 days after the treatment, did not differ significantly from the values measured before 
the treatment. The differences between NaCl treated plants and control were also mostly statistically 
insignificant 5 days after the beginning of the treatment. At the 10" day of the NaCl treatment an 
effect of 50 mM NaCl level was still negligible for all varieties; however, 150 mM induced significant 
reduction of photosynthetic rate: ~20% in ‘Raudonukai’ and ‘Geltonukai’ and 31% in ‘Rausvukai’. 


The negative effect of lower salinity level was observed at the 15" day of exposure in ‘Geltonukai’ 
and ‘Rausvukai’, but not in ‘Raudonukai’. Moreover, the photosynthetic rate of the latter variety 
recovered completely at the 15" day of exposure to 150 mM salinity level. A certain photosynthetic 
adaptation to high level of salinity was also detected in ‘Rausvukai’ variety. In contrast, ““Geltonukai” 
was not able to adapt to prolonged salinity, as was detected from intensifying impairment of 
photosynthesis (Table 1). 


TABLE 1. Photosynthetic rate (umols CO2 m? s`’) of different varieties of Amaranths exposed 
to increasing salinity. Values are the means + SE; letters indicate significant differences 
between the measurements of particular variety. 


Variety Treatment Days after beginning of the treatment 
Before 5d. 10d. 15d. 
treatment 
‘Raudonukai’ Control 2.99+0.13 a 2.77 + 0.17 ab 2.79 + 0.09 ab 2.82 + 0.14 ab 
50 mM 2.79 + 0.18 ab 2.65 + 0.05 b 2.74 + 0.21 ab 
150 mM 2.75 £ 0.23 ab 2.28 + 0.03 c 2.85 + 0.08 ab 
‘Geltonukai’ Control 2.96+0.10a 2.68 + 0.15 ab 2.79 + 0.07 a 2.92+ 0.09 a 
50 mM 2.49+0.15b 3.00 + 0.07 a 2.41 + 0.10 be 
150 mM 2.83 +0.13 a 2.26 + 0.02 c 2.23 + 0.10 be 
‘Rausvukai’ Control 2.97+0.10a 2.92+0.26a 2.85+0.05 a 2.83+0.1lla 
50 mM 2.73 + 0.22 ab 3.01 + 0.06 a 2.44 0.12 b 
150 mM 2.70 0.20 ab 2.00 0.03 c 2.69 + 0.18 ab 


4. CONCLUSIONS 


Results of this study have shown that Amaranth can be classified as salinity resistant crop species, as 
vegetative growth and photosynthetic performance were not affected by relatively high (SOmM) NaCl 
concentrations. At the earliest growth stage ‘Raudonukai’ demonstrated the highest resistance, 
germinating 2-3 fold better as compared to other varieties. In contrast, growth of aboveground 
biomass of ‘Raudonukai’ was the most seriously affected, followed by ‘Geltonukai’ and ‘Rausvukai’. 
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In spite of negligible growth inhibition, leaf development of variety ‘Rausvukai’ was affected 
stronger than other varieties. Considering the photosynthetic performance, ‘Raudonukai’ was 
detected to be the most tolerant variety: carbon assimilation was not affected by lower salinity. 
Moreover, the negative effect of higher salinity level on this variety was relatively low and completely 
disappeared after 15 days of the beginning of exposure. In contrast, the strongest inhibition of 
photosynthetic system was observed in ‘Geltonukai’. Summarizing the results of this study it can 
stated that ‘Raudonukai’ is the most salinity-tolerant of the three investigated Amaranth varieties, 
since these plants demonstrated the highest resistance of germination and photosynthetic system. Less 
tolerant variety is ‘Rausvukai’, showing the highest resistance with respect to growth of dry shoot 
biomass, but only moderate resistance of photosynthetic system and high sensitivity of germination. 
‘Geltonukai’, which growth was moderately affected, but germination and photosynthesis was 
strongly inhibited by NaCl, could be classified as the most salinity-sensitive of investigated 
Amaranths’ varieties. 
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Abstract 

The “dirty” Sea phenomenon, mentioned also as the mucilage phenomenon in the literature, is caused 
by the accumulation of gelatinous organic material at and below the water sea surface. The organic 
material tends to be whitish when young, becoming progressively darker with age. This phenomenon 
was conspicuous in large extent in Thessaloniki Bay during June 2017. Plankton samples from 3 
stations in Thessaloniki Bay were examined before (end of May 2017), during (late June 2017) and 
after (early July 2017) the phenomenon in order to identify the possible abettors and perpetrators 
members of plankton. Before the appearance, plankton community consisted of known mucilage 
producing species such as the autotrophic common diatoms in the Bay Cylindrotheca closterium, 
Leptocylindrus minimus, Leptocylindros danicus, Skeletonema costatum, the rare dinoflagellate 
Gonyaulax cf. fragilis and the common heterotrophic Noctiluca scintillans with its rare relative 
Spatulodinium pseudonoctiluca. These heterotrophic dinoflagellates were responsible for common 
red tides in the Bay. In May, among the diatoms high abundances were recorded for Leptocylindros 
minimus (26282 cells mL”), Dactyliosolen fragilissimus (866 cells mL*!), and Cylindrotheca 
closterium (168 cells mL’), while for the heterotrophs high abundance was recorded for the large- 
sized Noctiluca scintillans (0.5 cells mL“, reaching 5 cells mL” in the next days). During the 
phenomenon large mucilage macroaggregates, dead cells of the above mentioned species and alive 
specimens of the dinoflagellate Gonyaulax cf. fragilis (68 — 330 cells mL!) and the diatom 
Cylindrotheca closterium (93 — 393 cells mL’) were recorded in the “dirty” water. Very abundant 
mucilage producing species Skeletonema costatum (maximum abundance 12454 cells mL’, 
Chaetoceros spp. (max 10408 cells mL”), and Cylindrotheca closterium (max 1064 cells mL!) were 
observed few days later in the “clean” water after the “dirty” Sea phenomenon, which decayed after 
strong winds, opposed to the rare occurrence of Gonyaulax cf. fragilis (18 cells mL’). 


Keywords: mucilage, plankton, Thessaloniki Bay, diatoms, Gonyaulax cf. fragilis, Noctiluca 
scintillans 


1. INTRODUCTION 


Large aggregates of organic material that are macroscopically visible have been rarely documented 
in marine waters, mostly in the Marmara Sea, the Tyrrhenian Sea, the Aegean Sea and the Adriatic 
Sea (Danovaro et al., 2009). Most of these citations concern Northwest Adriatic Sea, along the 
Emilia-Romagna coast, where the process of eutrophication causes cycles of summer “red tide” 
events followed by winter and spring large blooms of diatoms, which determine the so-called “dirty 
waters” (Vollenweider et al., 1992). These structures are considered to be initially produced by 
mucilage producing diatoms. In particular, the extracellular exudates produced by the in vivo 
metabolism of the diatoms Amphora coffeaeformis and Cylindrotheca fusiformis have been identified 
as the perpetrators of this phenomenon (De Angelis et al., 1993). In addition, Rhinaldi et al. (1995), 
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also characterized the dinoflagellate Gonyaulax fragilis as a possible perpetrator of “dirty sea” 
phenomena in Adriatic and Tyrrhenian Sea by participating in the mucilage production. A 
differentiation into five states or stages of the phenomenon was proposed in the case of Adriatic: 
macroflocs, stringers, clouds, creamy surface layers, and gelatinous surface layers. This classification 
was based only on size and shape of the macroaggregates, and took into consideration the relative 
position in the water, stability, behavior, and effect on benthos (Stachowitsch et al., 1990). Although 
larger aggregates of organic material, caused by mucus (clouds, creamy layers, and gelatinous layers) 
are less frequent, recurring episodes of the “dirty sea” might lead to anoxia in bottom waters, cause 
fish kills and other nuisances in fisheries and the regional tourist industry. 


Thermaikos Gulf and especially its inner part, Thessaloniki Bay, has been accepting for decades a 
large volume of domestic and industrial wastes from the city of Thessaloniki. In the 20" century, 
these wastes were discharged in the Bay without any previous treatment, causing the eutrophication 
of the system. The past couple of decades, wastewater treatment has been implemented, decreasing 
the effects of anthropogenic eutrophication (Krestenitis et al., 2012). However, Thessaloniki Bay still 
remains a nutrient rich environment, in which red tides and episodes of algal blooms frequently occur, 
with substantial socio-economic impact in the area (Karageorgis et al., 2005). These events might be 
enhanced by frequently observed in the Bay mucilage producing plankton species, which include 
Cylindrotheca closterium, Leptocylindrus sp. and others (see publications by Nikolaides & 
Moustaka-Gouni, 1990; Friligos et al., 1997; Genitsaris et al., 2011). In Thessaloniki Bay, the “dirty 
sea” phenomenon appeared on the 22 June 2017, after 24 hours of strong winds (reaching 40 km ht; 
data from the Hellenic National Meteorological Service, Thessaloniki Airport Station) in the area, 
and it lasted for about 10 days. The aim of this paper is to investigate the biological producers of this 
extensive and unprecedented phenomenon in Thessaloniki Bay, by examining the planktonic 
community before, during and after the phenomenon, and identifying potential planktonic abettors 
and perpetrators. 


2. MATERIALS AND METHODS 


2.1 Sampling 
During the last 10 days of June 2017, the coastal front of the city of Thessaloniki was covered in large 
extend with autochthonous gelatinous organic material which appeared mixed whitish-brownish and 
became progressively darker with age (Figure 1), causing irritation and unpleasant odor to the citizens 
of Thessaloniki. 


Figure 1. Photographs of the “dirty sea” phenomenon in Thessaloniki Bay, taken about 300 m 
from the shore, in 28 June 2017. 
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In total, 7 water samples from the sampling sites shown in Figure 2 were collected before (31 May 
2017; 1 sample from site A), during (28 June 2017; 3 samples from sites LM, WT and MG, 
respectively), and after (7 July 2017; 3 samples from sites LM, WT and MG, respectively) the “dirty 
sea” phenomenon. The offshore sampling sites were selected based the macroscopic extent of the 
phenomenon, while the coastal site (WT) was a focal sampling point, on the basis of the recent, 
frequent red tides formed inshore in Thessaloniki Bay affecting good water quality and aesthetical 
values for the residents and tourists of the city of Thessaloniki. The samplings in the offshore stations 
were carried out on board of a ship under the supervision of the Coastal Guard. The water samples 
were collected from the surface water layer (0-1 m) with a Niskin-type water sampler. Data from 
samples taken from deeper depths are not included in this paper. 


2.2 Microscopy 

Fresh and preserved water samples were examined under a light inverted microscope (Nikon SE 
2000), and species were identified using appropriate taxonomic keys. Unicellular planktonic 
organism counts were performed using the sedimentation method of Utermöhl (1958). Briefly, at 
least 400 plankton individuals were counted in samples, when possible, in sedimentation chambers 
of 3 mL, 10 mL or 25 mL, depending on the total abundance in each sample. The dimensions of 30 
individuals (cells, or colonies) of each dominant species (comprising of > 10 % of the total plankton 
in terms of abundance and biomass) were measured using the relevant tools of a digital microscope 
camera (Nikon DS-L1). Mean cell, or colony volume estimates were calculated using appropriate 
geometric formulae according to Hillebrand et al. (1999). 


Figure 2. Study area in Thessaloniki Bay, indicating the location of the sampling sites (A: 
coastal site near the White Tower; LM: about 500 m from the coast near the eastern part of 
the Port of Thessaloniki; WT: about 500 m from the coast near the White Tower; MG: about 
500 m from the coast near Thessaloniki Concert Hall). 
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3. RESULTS AND DISCUSSION 


3.1 Species Composition 

Overall, 25 unicellular planktonic taxa were identified in the water samples during the study period 
in Thessaloniki Bay (Table 1). The highest species number was detected in the sampling of May, in 
the coastal site A, where 18 taxa were identified. Among the taxa, known mucilage producing species 
were observed in high abundances, such as the common diatoms in the Bay (Nikolaides & Moustaka- 
Gouni, 1990; Genitsaris et al., 2011) Leptocylindros minimus (26282 cells mL), Dactyliosolen 
fragilissimus (866 cells mL’), and Cylindrotheca closterium (168 cells mL’), and the pelagic 
dinoflagellate Gonyaulax cf. fragilis (168 cells mL’). These species co-occurred with the common 
heterotrophic dinoflagellate Noctiluca scintillans (Figure 3), with its rare relative Spatulodinium 
pseudonoctiluca, which dominated in terms of biomass. 


Table 1. List of unicellular planktonic taxa identified in the water samples collected before, 
during and after the “dirty sea” phenomenon in Thessaloniki Bay. (*) Depicts presence of the 


organism. 
Sampling Site (Date) 
Taxa A (May) LM WT MG LM WT MG 
(June) (June) (June) (July) (July) (July) 
Dinophyceae 
Ceratium furca * 7 $ 
Gonyaulax cf. fragilis È * * x * 
Gymnodinium spp. * 7 
Gyrodinium spirale 7 7 
Heterocapsa nieii 
Karenia sp. a 7 
Noctiluca scintillans ai * * s 
Prorocentrum micans i 7 
Protoperidinium spp. * a 
Scrippsiella trochoidea * 
Spatulodinium * ai ai a 
pseudonoctiluca 
Bacillariophyta 
Chaetoceros spp. g p F a 
Cylindrotheca closterium 7 7 = a 
Dactyliosolen fragilissimus x 
Leptocylindrus danicus * * 7 
Leptocylindrus minimus g 
Pseudonitzschia pungens 7 a 
Rhizosolenia spp. * h 
Skeletonema costatum * is * ii 
Cryptophyta 
Plagioselmis sp. * id * 
Teleulax acuta * is * 
Haptophyceae 
Chrysochromulina sp. * id * = 
Coccolithales spp. = * ii 
Chlorophyta 
Tetraselmis sp. * 
Euglenozoa 
Eutreptiella sp. $ x 
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These heterotrophic dinoflagellates, known to especially adapt to a strongly fluctuant environment 
(Gomes & Souissi, 2007), are characterized as perpetrators in Red Tide events globally (e.g. Uhlig & 
Sahling, 1990; Hallegraeff, 1993; Huang & Qi, 1997 and many more), and were also responsible for 
frequent and temporally and spatially extensive red tide events along the front in Thessaloniki Bay 
during the previous year (Genitsaris et al., unpublished data). The accumulation of autochthonous 
organic material (dead and alive material) from the repetitive red tides during spring to summer 
plankton succession (Genitsaris et al., unpublished data), in combination with the hydrodynamic 
conditions in the Bay and the presence of abundant mucilage producing species before and during the 
“dirty sea” phenomenon are suggested to lead to the formation of the phenomenon. N. scintillans can 
create a large quantity of mucus (Al Gheilani et al., 2011), observed also in our samples. The mucilage 
producing species in Thessaloniki Bay were also incriminated for similar phenomena in other marine 
systems (see Table 2). Moreover, Umani et al. (2007) in a 3 year study on the microbial community 
of a coastal area in northern Adriatic Sea with frequent reports of “dirty sea” phenomena, showed 
mucilage formation by plankton species derived from accumulated to slow-to-degrade organic matter, 
similar to our observations. 


Figure 3. Light micrographs (phase contrast) of preserved samples taken before the “dirty 
sea” phenomenon (7 June 2017). Water sample indicating (A) the large dinoflagellate 
Noctiluca scintillans (bubble-like), a known red tide forming organism, consuming the 
dinoflagellate Gonyaulax cf. fragilis (white arrow); and (B) Noctiluca scintillans cells in a stage 
of degradation and mucus release. Scale bar: 20 um. 


Table 2. List of unicellular planktonic taxa identified as perpetrators and abettors of the 
“dirty sea” phenomenon in Thessaloniki Bay and in other marine systems. 


Planktonic Abettors Other locations of 


and Perpetrators in Contribution contribution in References 
Thessaloniki Bay “dirty sea” phenomena 
Bacillariophyta 


Adriatic Sea, Tyrrhenian 


Chaetoceros spp. 


Cylindrotheca closterium 


Leptocylindrus minimus 


Skeletonema costatum 


Dinophyceae 
Gonyaulax cf. fragilis 
Noctiluca scintillans 


Spatulodinium 
pseudonoctiluca 


Mucilage formation 


Mucilage formation 
Mucilage formation 


Mucilage formation 


Mucilage formation 


Mucus creation, Organic 
material accumulation 


Organic material 
accumulation 
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Sea 
Adriatic Sea 


Adriatic Sea, Tyrrhenian 
Sea 


Adriatic Sea, Tyrrhenian 
Sea 


Omani Waters, Adriatic 
Sea 


Eastern English Channel 


Rinaldi et al., 1995 
De Angelis et al., 1993 


Rinaldi et al., 1995 


Rinaldi et al., 1995 


Al Gheilani et al., 
2011; Umani et al., 
2004 


Gómes & Souissi, 2007 
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During the “dirty sea” phenomenon (June 2017), the diversity, by means of species number, decreased 
dramatically, and only 4 different taxa were detected, mainly because the samples were characterized 
by extremely high quantities of dense autochthonous organic material (Figure 4), with remnants of 
the heterotrophic dinoflagellates previously forming red tides in the area. Also, the thecated 
dinoflagellate Gonyaulax cf. fragilis (Figure 4B), a mucilage producing species was occasionally 
present and identifiable in all three sampling sites. Cylindrotheca closterium and Gonyaulax cf. 
fragilis were observed to produce mucilage during the phenomenon. 


The species number was higher at the end of the phenomenon, reaching 17 identified taxa in the WT 
site, and 14 taxa in the LM site, in the July sampling. Among these taxa, the identified planktonic 
abettors and perpetrators of the phenomenon (i.e. the mucilage forming species Cylindrotheca 
closterium, Leptocylindros danicus, Chaetoceros spp., Skeletonema costatum, Gonyaulax cf. fragilis, 
and the red tide forming Noctiluca scintillans with its rare relative Spatulodinium pseudonoctiluca) 
persisted in the water surface after the “dirty” Sea phenomenon with low numbers. At the same time, 
plankton bio-indicators of good water quality (species of Coccolithales) also appeared and started 
increasing in abundance (Table 1). 


fas 8 es Bia 

Figure 4. Light micrographs (phase contrast) of preserved samples taken during the “dirty 

sea” phenomenon. Water sample indicating (A) high numbers of the diatom Cylindrotheca 

closterium (resembling needles) and other planktonic organisms within mucilage below the 

“dirty” surface; and (B) the dinoflagellate Gonyaulax cf. fragilis producing mucilage (white 
arrow) attached in a mucilage aggregate (black arrow). Scale Bar: 20 pm. 


3.2 Plankton Abundance and Biomass 

Total plankton abundance was higher before and after the “dirty sea” phenomenon, and reached 
highest values in WT site (> 25 000 cells mL" in total in both dates), mainly due to the dominance of 
the diatoms Leptocylindrus minimus and Skeletonema costatum, respectively (comprising > 50 % of 
the total plankton abundance). During the phenomenon, the plankton abundance that was recorded 
was low (<400 cells mL”!; Figure 5A), but in fact the organic matter that covered the surface of the 
water was extremely high, making it impossible to detect and identify microbial planktoners, except 
from the thecated Gonyaulax dinoflagellate. On the other hand, few days after the phenomenon, in 
July samplings, the diatoms Skeletonema costatum (12454 cells mL"'), Chaetoceros spp. (10408 cells 
mL’), and Cylindrotheca closterium (1064 cells mL’) prevailed in the water surface, opposite to the 
rare occurrence of Gonyaulax cf. fragilis (18 cells mL’), after decay and dispersal of the micro- 
aggregates of the phenomenon, due to strong winds (reaching 40 km h'!; data from the Hellenic 
National Meteorological Service, Thessaloniki Airport Station). 
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Figure 5. (A) Total plankton abundance (cells mL“) and (B) biomass (mg L-1) in all samples. 
In figure (B) primary y-axis corresponds to the biomass of site A, while the secondary y-axis 
corresponds to the biomass of all other samplings. 


On the contrary to abundance data, biomass of alive planktoners was extremely high in the May 
sampling from the site A (> 75 mg L!; Figure 5B), due to the high abundance of the large 
heterotrophic dinoflagellate Noctiluca scintillans (0.5 cells mL’), which made up > 95 % of the total 
plankton biomass. Its dying is reported to create large quantity of mucus (Al Gheilani et al., 2011). 
Naturally, the accumulated dead plankton biomass and the produced mucilage making up the 
autochthonous organic matter of the “dirty sea” was several orders of magnitude higher than that, but 
it was impossible to calculate with microscopy due to its amorphous mass. The diversity decreased 
dramatically, and only a few planktonic species were possible to detect. Thus, the abundance and 
biomass of living plankton appeared extremely low, even though a conspicuous mat of autochthonous 
organic material produced by plankton covered km? along the coastal front. The phenomenon lasted 
for about 10 days, before strong winds (reaching 40 km h!; data from the Hellenic National 
Meteorological Service, Thessaloniki Airport Station) dissolved the mats of mucilagenous material. 
Mechanical destruction of similar aggregates by wind stress in northern Adriatic Sea, has also been 
reported (Azam et al., 2007). After the end of the phenomenon, the detected biomass of alive cells 
dropped dramatically, but still was high for a marine system, especially in WT site (> 5 mg L”!; Figure 
5B). 


It is generally accepted in the public that the ecological water quality in Thermaikos Gulf has been 
improved compared to 20 years ago (Mihalatou & Moustaka-Gouni, 2002). However, the “dirty sea” 
phenomenon, observed in June 2017, in combination with the frequent red tide events in the city front 
of the Bay recently, sound the alarm and demand continuous monitoring of the biological and abiotic 
indicators of eutrophication/nutrient pollution and ecological water quality in the Bay. The 
elimination of the factors contributing to these phenomena, is urgently needed. 
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Abstract 

In this study, the quality of the marine environment of Thermaikos Gulf was appraised by measuring 
physical, chemical and biological parameters of the water column and the seabed. Water and sediment 
samples were seasonally collected from three sampling stations located at the inner part of 
Thermaikos Gulf. Specific physical-chemical characteristics (temperature, salinity, density along 
with pH and dissolved oxygen) throughout the water column were evaluated by conducting in situ 
measurements during the sampling campaigns. In situ processing of the water density data enabled 
the determination of the water column stratification. Afterwards, water samples were collected from 
the different strata: surface, pycnocline and bottom, to assess relevant variations of the chemical and 
the biological characteristics of the water masses. The studied chemical parameters included 
ammonium nitrogen, nitrites, nitrates, phosphates and total phosphorus and the biological ones 
phytoplankton and protozooplankton species composition, abundance and biomass. Sediment 
samples were collected with a standard VanVeen grab from each sampling station. Benthic organisms 
(macro-invertebrates) were sorted, enumerated under major taxa, and identified up to species levels 
to assess ecological quality status applying the BENTIX biotic index. Sediment composition and 
organic content were also assessed. The obtained results are discussed with regards to seasonal and 
spatial variability and water column stratification. 


Keywords: Thermaikos Gulf, monitoring, nutrients, phytoplankton, protozooplankton, benthic 
organisms 


1. INTRODUCTION 


The European Union Marine Strategy Framework Directive (MSFD) 2008/56/EC establishes an 
integrated framework for the achievement or maintenance of the good environmental status in the 
marine systems by the year 2020 the latest. This Directive stipulates detailed procedures for its 
implementation including the development of marine strategies by Member States, in order to protect 
and preserve the marine environment. The program of measures shall take into account relevant 
measures required under the European legislation, in particular the Water Framework Directive 
(WFD) 2000/60/EC, the Council Directive 91/271/EEC concerning urban waste-water treatment and 
the Bathing Water Directive (BWD) 2006/7/EC of the European Parliament and of the Council 
concerning the management of bathing water quality (MSFD, 2008/56/EC). The BWD (Directive 
2006/7/EC) aims to protect health and (marine) environment based on scientific knowledge under a 
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holistic approach that is integrated into all other European measures protecting the quality of all 
waters through the WFD. WED introduces the concepts of the ecological and chemical status for the 
European water bodies. The ecological status is based on biological quality elements supported by 
hydromorphological and physico-chemical environmental characteristics, and is divided into five 
classes (‘High’, ‘Good’, ‘Moderate’, ‘Poor’, ‘Bad’). According to the normative guidelines of the 
WED, good ecological status is achieved when biological communities present are close to those that 
would be present with minimal anthropogenic disturbance (2000/60/EC). According to guidelines of 
the MSFD, qualitative descriptors to be used in assessing the ecological or environmental status 
include biodiversity, non-indigenous species, exploited fish and shellfish, food webs, human-induced 
eutrophication, sea-floor integrity, hydrographical conditions, contaminants and contaminants in fish. 
All in all, the MSFD aims to be based upon an ecosystem-based approach that has a holistic view on 
the management and protection of marine ecosystems, focusing on ensuring sustainable use of the 
seas, and providing safe, clean, healthy and productive marine waters (Borja et al., 2008; Borja et al., 
2010). 


Phytoplankton is the biological element of WFD most closely related to eutrophication and a primary 
indicator for the assessment of water quality, as it forms the basis of food webs and exhibits high 
reproduction rates and immediate response to environmental changes. Different phytoplankton 
attributes are considered essential for the appraisal of ecological status, including species 
composition, abundance and biomass, as well as frequency and intensity of phytoplankton blooms 
(WED, 2000/60/EC). Amongst quality descriptors, phytoplankton biomass, in terms of chlorophyll- 
a, although it is a gross metric, it is simple and records the responses of phytoplanktonic communities 
to nutrient enrichments (Tsirtsis and Karydis, 1998; Garmendia et al., 2013). However, chlorophyll- 
a has been reported as being highly variable, thus also showing higher disagreement with the final 
classification of the water bodies (Borja et al., 2004). On the other hand, the use of benthic indices 
has been shown to provide valuable elements for the integrated quality status assessment of water 
bodies (Borja et al., 2014). Composition and abundance of benthic invertebrate fauna has been proved 
to be a biological quality element that can be reliably used for the classification of water bodies due 
to responsiveness to major environmental or anthropogenic changes. Macro-benthic animals are 
relatively sedentary (they are affected by environmental/ anthropogenic conditions), have relatively 
long life-spans, consist of different species that demonstrate variable tolerances to chemical stresses 
and have a substantial role in sediment processes, e.g., enhancing the flow of nutrients and materials 
between the sediments and the water column, and vice versa, through bioturbation and bioirrigation 
(Borja et al., 2000). For these reasons macrobenthic communities are listed among quality descriptors 
for the implementation of MSFD (MSFD, 2008/56/EC). In this context, the classification of 
ecological status is implemented using indices based on sensitivity/ tolerance of various species. In 
European waters the most frequently applied indices are AMBI and M-AMBI that have been 
developed using the data from the coastal marine areas and are mainly used to assess the organic 
enrichment (Pitacco et al., 2018). However, for the Mediterranean Sea, and especially the eastern 
basin, the most appropriate index is BENTIX, originally developed in the Aegean Sea (Simboura and 
Zenetos, 2002), as revealed by the intercalibration procedure of the EU members (Simboura and 
Reizopoulou, 2008). Accordingly, the BENTIX index, is the official tool for the ecological status 
assessment in Greece and Cyprus sedimentary bottoms. 


In Northern Greece, Thermaikos Gulf is a marine ecosystem of high complexity due to the various 
activities taking place in the greater area. Thermaikos Gulf is the final receiver of the discharges of 
Axios, Aliakmon, Loudias and Gallikos Rivers, as well as of the effluents of two municipal 
wastewater treatment plants of Thessaloniki, with Axios River having the highest contribution of 
freshwater input into the gulf. However, Thermaikos is not only affected by the discharges of the 
watersheds of rivers, but also by the discharges of numerous industrial activities located along the 
coast. The anthropogenic pressures that originate from agricultural, industrial, commercial, marine 
and aquaculture activities have resulted in elevated concentrations of nutrients in the water column 
and accumulation of trace elements in sediments (Friligos et al., 1997; Nikolaidis et al., 2006). 
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Moreover, the exchanges with the open Aegean Sea waters across the southern boundary are an 
additional factor that affects the stratification, circulation and renewal of the Gulf (Krestenitis et al., 
2012). The complexity of Thermaikos Gulf system, the variability of environmental factors and the 
specific circulation and renewal dynamics of the system require the development of a quality 
monitoring scheme that takes into account physical, chemical and ecological quality elements (in the 
context of the European legislation). To this aim, the present study focuses on the quality assessment 
of the marine environment of Thermaikos Gulf, using physical, chemical and biological/ecological 
elements of the water column and the seabed. 


2. MATERIALS AND METHODS 


2.1 Oceanographic surveys 

Within the framework of this study, water and sediment samples that were seasonally (July, October 
and December 2017) collected from three sampling stations located at the inner part Thessaloniki 
Bay, inner and outer Thermaikos Gulf. The characteristics of the sampling stations (coordinates of 
each station, corresponding depth and description of the area) are presented in Table 1. As it is shown 
in Figure 1, the station S1 is located at the discharge point of the Municipal Wastewater Treatment 
Plant of Thessaloniki (WWTPT) outlet, the station S2 is located at northern Thessaloniki bay, while 
the station S3 is located at the discharge point of the Municipal Wastewater Treatment Plant of 
Michaniona-AINEIA. 


Table 1. Characteristics of sampling stations 


Sampling ; ; rar Depth 

Station Longitude Latitude Description Gi) 
Station at the outlet of the 

S1 40.55237285 22.8536432 WWTP of Thessaloniki 25 

(WWTPT) 

S2 40.61821578 22.94157171 Inner Thessaloniki bay 13 
Station at the outlet of the 

S3 40.46212649 22.82078561 WWTP of Michaniona 30 


(AINEIA) 


The physical oceanographic parameters were recorded by means of a CTD (SBE 19) profiler. Apart 
from the standard sensors (conductivity, temperature, pressure), the instrument is equipped with 
auxiliary sensors for dissolved oxygen and pH. Raw data were properly processed (low-pass filtering, 
alignment, cell thermal effects removal) and corrected, to assure the accuracy of the derived 
parameters. The processed data were averaged over depth-bins of 0.25 m. During sampling, in situ 
processing of the water density data enabled the preliminary determination of the water column 
stratification. Afterwards, water samples were collected from three levels of the water column 
(surface, pycnocline and bottom) with a Niskin-type water sampler, in order to investigate the 
variations of the measured chemical and biological parameters over the water column depth. 
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Figure 1. Map of sampling stations, rivers and sub-regions in Thermaikos Gulf. 


The chemical status of Thermaikos Gulf was appraised by performing chemical analyses including 
nitrites (APHA-AWWA-WEF, 1999), nitrates (Grasshoff et al., 1999), ammonium nitrogen (Hach, 
2013), phosphates (APHA-AWWA-WEF, 1999), total phosphorus (APHA-AWWA-WEF, 1999) and 
silica (APHA-AWWA-WEF, 1999; Grasshoff et al., 1999). 


2.2 Biological parameters/Phytoplankton and Protozooplankton 

Fresh water subsamples (250 ml) were placed at portable refrigerator and subsamples (250 ml) were 
immediately fixed with Lugol’s iodine. Fresh and preserved water samples were examined under a 
light inverted microscope (Nikon SE 2000), and species were identified using appropriate taxonomic 
keys. Unicellular planktonic organism counts were performed using the sedimentation method of 
Utermöhl (1958). Briefly, at least 400 plankton individuals were counted in samples, when possible, 
in sedimentation chambers of 3 mL, 10 mL or 25 mL, depending on the total abundance in each 
sample. The dimensions of 30 individuals (cells, or colonies) of each dominant species (comprising 
of = 10 % of the total plankton in terms of abundance and biomass) were measured using the relevant 
tools of a digital microscope camera (Nikon DS-L1). Mean cell, or colony volume estimates were 
calculated using appropriate geometric formulae according to Hillebrand et al. (1999). 


2.3 Zoobenthos and sediment composition 

Two replicate sediment samples were collected with a standard VanVeen grab (0.1 m°) from each 
sampling station and period, whereas a third one was collected for sediment composition and organic 
content analyses. Overall, 18 biological and 9 sediment samples were obtained. Sediment samples 
were dried out to assess the organic content (H202 method) and the granulometric composition 
(siphonometric menthod) applying the Folk’s system of sediment classification (Folk et al., 1970). 
Each biological sample was sieved on board (mesh-opening | mm) and preserved in 10% formalin - 
seawater solution. In the laboratory all living specimens were sorted out from each biological sample 
under a binocular stereoscope, counted, and identified at species level using relevant identification 
keys for each major taxa, and a microscope, when appropriate. The species/abundance data matrix 
was analyzed by standard biocoenotic methods to estimate biodiversity, and by multivariate methods 
based on Bray-Curtis distances to assess the similarity of zoobenthic communities’ structure and 
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possible spatial or seasonal effects, using the PRIMER software package (Clarke and Gorley, 2006). 
Also, the BENTIX biotic index was applied to assess the ecological quality status of sampling 


stations, using the freeware software developed and provided by the National Centre for Marine 
Research (www. cloudfs.hcmr.gr/index.php). 


3. RESULTS 


3.1 Physical and Chemical parameters 

Very strong stratification, based on both salinity and temperature profiles, was observed in all stations 
in July, supporting the stability of the water column (Figure 2). The temperature difference between 
the surface and bottom was around 10°C in the inner Thermaikos Gulf (S1), while the smaller 
difference was measured in S3 (<3°C). The stations of the inner Gulf (S1 and S2) showed similar 
distributions in autumn (~21°C) and winter (~13°C). On the contrary, the outer station S3 revealed 
strong thermocline at 15 m in autumn, where the temperature was reduced by 4°C indicating the 
possible intrusion of colder waters from the Aegean Sea. This finding agrees with Hyder et al. (2002) 
and Krestenitis et al. (2012), who showed that this area is the passage of northern Aegean waters 
supporting the renewal of the Gulf. The same station showed significantly higher temperature values 
(~16°C) in comparison to the two northern stations (~13°C) in winter. Salinity was very low at the 
surface of S1 and S2 stations in July (<36). Summer values were lower than winter values in all cases. 
Moreover, in all cases, salinity was higher in the S3 station, which is usually out of the effect of the 
riverine waters that are discharged at the western Gulf. Especially in autumn, the salinity distribution 
of S3 station was not homogenous but increased at 15m from 37 to 39 (Aegean waters). This station 
is also characterized by warmer and saltier waters along the entire water column during winter. 
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Figure 2. Vertical temperature and salinity profiles of the three Thermaikos stations in July 
(left), October (middle) and December (right). 


The chemical quality of Thermaikos Gulf was mainly based on the seasonal monitoring of nutrients 
and included the inorganic forms of nitrogen, the orthophosphates and the total phosphorus. The 
highest concentration of ammonium nitrogen, equal to 1.12 umol/L NH4*, was recorded during the 
third sampling campaign of December 2017 in the surface sample collected from the sampling station 
S1 (data not shown). Moreover, relatively high concentration of nitrites, 0.31 umol/L, was obtained 
in the same sample, possibly denoting the presence (or the beginning) of reducing conditions in the 
regional marine environment. The increased concentrations of nitrites were accompanied by a 
significant reduction of nitrates, as it is shown in Figure 3. 
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Figure 3. Nitrates concentration results. 


The samples collected from the inner part of Thermaikos Gulf indicated rather low concentrations in 
nutrients of nitrogen and phosphorus. However, during the winter sampling campaign, the red tide 
phenomenon was observed on the sea surface; the seawater transparency was low, while the total 
phosphorus concentration was significantly higher compared to the corresponding one measured 
during the summer period (Figure 4). 
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Figure 4. Total phosphorus concentration results. 


The results obtained from the third sampling station, at the outer part of Thermaikos Gulf, 
demonstrated that the concentrations of nutrients were significantly lower compared to the rest 
sampling stations. However, the concentration of nitrates varied between 0.40 and 0.62 pmol/L, 
considerably higher compared to the results of 2014 (HCMR, 2015). Still, much higher 
concentrations, exceeding 2.0 umol/L, were recorded some years ago (Samanidou et al., 1989). The 
intensification of sampling and measurements is needed, in order to extract safe conclusions on the 
quality characteristics of this area. 


3.2 Phytoplankton 


Species composition 
Overall, 87 phytoplankton and 13 protozooplankton taxa were identified in the water samples during 


the investigation. Within the phytoplankton community, diatoms were recorded with the highest 
number of species reaching 43 identified taxa, followed by dinophytes (32) and haptophytes (5). For 
each of the rest phytoplankton taxonomic groups (cryptophytes, chlorophytes, dicthyophytes, 
euglenophytes, raphidiophytes, xanthophytes) less than 5 representatives were identified. The 
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protozooplankter Noctiluca scintillans (Figure 5d) with its rare relative Spatulodinium 
pseudonoctiluca, responsible for the frequent red tides in Thessaloniki Bay, were recorded in every 
sample of the inner Gulf (S1 and S2). 


Figure 5. Light micrographs (phase contrast) of phytoplankton and protozooplankton taxa in 
the water samples from Thermaikos Gulf in June, October and December 2017. a. Ceratium 
furca b. Rhizosolenia setigera c. Noctiluca scintilans d. Pseudonitzschia pungens e. Gonyaulax 
cf. fragilis f. Leptocylindrus danicus g. Chaetoceros sp. h. Dinophysis cf. acuminata i. 
Mesodinium rubrum. 


In July, after the “dirty sea” phenomenon the mucilage forming species Gonyaulax cf. fragilis and 
Chaetoceros spp. were observed in the samples (Figure 5). During the winter sampling (on December 
2017) a large extent red tide was conspicuous in the inner Gulf. The autotrophic ciliate Mesodinium 
rubrum (Figure 5i) was accountable for the phenomenon due to its extremely high abundance 
(>10000 cell/mL) that was measured in the water samples. 


Species number, phytoplankton abundance and biomass 

The number of identified species was comparable among the 3 sites following the same trend in terms 
of increasing depth; higher number of species was observed in the surface samples than the 
pycnocline and the bottom samples. Diatoms and dinoflagellates were the most diverse taxonomic 
groups with the first to dominate in richness almost in all samples apart from the occasional 
dominance of the latter in S1 and S2. The phytoplankton abundance was higher and frequently 
indicative for bloom formation in the inner gulf (sites S1 and $2) contrary to S3. Characteristically, 
the maximum measured phytoplankton abundance in S3 was 6 times lower than the maximum in S1 
and 12 times lower than in S2. Similarly, the phytoplankton biomass was higher in S1 and S2 than 
S3 (Figure 6). 
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Figure 6. Phytoplankton biomass (mg/L) in each depth and in each site (S1, S2, S3) of 
Thermaikos Gulf. The dark blue depicts the phytoplankton biomass in July 2017, the ciel blue 
the biomass in October 2017 and the light ciel blue the biomass in December 2017. 


The maximum phytoplankton biomass during the investigation (the extremely high value of 86 mg 
L!) was recorded in the surface sample of S2 simultaneously with the extensive red tide in the inner 
Gulf (on December 2017). The phytoplankton biomass was also high (>5 mg/L) in the surface and 
pycnocline samples of S1 and S2 on July 2017 (Figure 6). Conversely, the phytoplankton biomass in 
S3 was typical for oligotrophic marine environments with exception of the surface sample on October 
2017 where the measured biomass was | mg/L. 


3.3 Zoobenthos 

According to the granulometric composition, the sediment is characterized as muddy in S1 and S3, 
and as sandy-mud in S2. The sediment composition was seasonally stable, with the exception of the 
December period, where the proportion of sand increased in S1 and S3 shifting the characterization 
of the sea-bottom as sandy-mud, as opposed to S2, where the proportion of clay increased and the 
sediment became muddy. At the same time, increased amounts of biogenic fragments were also 
observed in S2. The organic content showed spatial divergences with increased values in S2 (0.1465 
+ 0.023) and lower, but inter-se similar, in S1 and S3 (0.1174 + 0.022 and 0.1104 + 0.025, 
respectively). Slight seasonal variations were also detected, but without following a similar trend 
between stations. 


Overall 2,945 macro-invertebrate specimens were collected identified to 207 species. Polychaetes 
and molluscs were the most speciose groups, followed by crustaceans. The above groups prevailed 
also in abundance. Zoobenthic diversity and abundance showed significantly (p<0.01) higher values 
in S2 (mean S = 56, mean N = 347/0.1m7) and decreased ones in S3 (mean S = 29, mean N = 80.33) 
and S1 (mean S = 16, mean N = 57.66), in particular. The most dominant and frequent species were 
the polychaetes Ditrupa arietina, Magelona mirabilis, Nepthys hystricis, Notomastus latericeus, 
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Sternaspis scutata, the ophiuran Amphiura chiajei and the bivalve Kurtiella bidentata. Multivariate 
analyses discriminated samples primarily according to their geographic origin (R = 1 p < 0.05) and 
secondary (within each station group) according to the season of sampling (R = 0.72 p < 0.05); the 
latter case mostly due to the divergence of the samples collected in winter (Figure 7). This biotic 
pattern was mainly correlated with the amount of clay and the organic content of the sediments 
(Spearman p = 0.625). 


similarity 


Stress value: 0.12 


Figure 7. Non-metric multidimensional scaling ordination of zoobenthic samples from 
Thermaikos Gulf stations (S1-S3), based on Bray-Curtis similarity index calculated from 
square-root transformed numerical abundance data of macro-invertebrate species. S = 
summer sampling, A = autumn sampling, W = winter sampling. 


The majority of macroinvertebrates were classified into the tolerant category, being positively 
correlated with organic enrichment, with the exception of S1 in winter, where the sensitive species 
group prevailed (Table 2). The BENTIX biotic index ranged from 2.51 to 3.66, and accordingly, the 
ecological quality status of the stations ranged from moderate (S1, S2) to good (S3) (Table 2). The 
ecological quality status of S1 improved in winter, whereas remained seasonally stable in S2 
(moderate) and S3 (good). However, the percentage of species not assigned to any ecological category 
overpasses 10% in some cases, and so these specific results should be viewed with caution. 


4. DISCUSSION AND CONCLUSIONS 


Although denser (colder and saltier) waters, possibly originated from the North Aegean, were 
detected in the outer Gulf during the fall measurements, they were not observed in the northern areas, 
indicating weak renewal of the inner Gulf. More brackish waters were detected in the drier summer 
months although the river discharge rates are usually smaller. A possible explanation is the operation 
of the power generation dams, which exist along the Aliakmonas river, leading to increased outflows 
toward the sea (Krestenitis et al., 2012). Krestenitis et al. (2012), based on 5 long cruise period (1994- 
2007) showed a general decrease of Gulf's salinity. On the contrary, the current measurements, almost 
10 years later, showed higher salinity values, supporting the inverse of the decreasing trend found in 
older expeditions. 
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Table 2. Number of species (S), numerical abundance (N), ecological groups (GS = Sensitive 
species group, GT = tolerant species group, NA = not assigned species), BENTIX index, and 
ecological quality (EcoQ) status assessment per seasonal sampling and station (S1 — S3) in 


Thermaikos Gulf. 
Sampling Ecological Category 
SÍN BENTIX EcoQ 
Station Season GS GT NA 


S1 


S2 


S3 


* >90% silt limits were used 


The chemical status of both the inner and outer part of Thermaikos did not present remarkable 
variations during summer and autumn, compared to earlier studies (HCMR, 2007; HCMR, 2015). In 
particular, total phosphorus concentration values were close to those reported earlier for summer and 
autumn (HCMR, 2007; HCMR, 2015). However, during the winter sampling, extremely high 
concentrations of phosphates and total phosphorus were recorded in the surface samples, probably 
related to the observed red tide phenomenon. The measured concentrations were higher than the 
threshold for the good water quality (Dasenakis et al., 2015). In addition, rather high phosphorus 
concentration was recorded in the outer part of the Gulf, especially in the sub-surface samples. So 
far, comparable concentrations were only recorded many years ago (Samanidou et al., 1989), 
implying the need for consecutive and more extensive monitoring of Thermaikos quality. 


The occasional dominance of dinoflagellates in S1 and S2, the frequent phytoplankton blooms 
concurrently with the high phytoplankton biomass (>0.7 mg/L, Bozatzidou 2013) in all samples of 
S1 and S2 indicate a less than good water quality according to phytoplankton. Furthermore, the 
protozooplankton abundance in these sites was indicative of red tide formations. These characteristics 
demonstrate the eutrophic character of the inner Gulf, which disagrees with the requirement for 
normal abundance and diversity of marine food webs elements, in order to establish good 
environmental status (MSFD, 2008/56/EC). On the other hand, the species composition and the 
phytoplankton abundance and biomass in S3 were indicative for higher than good water quality 
except for the surface sample on October 2017. 


The benthic fauna showed increased abundance but similar diversity values with previous studies 
(HCMR, 2015). Polychaetes were the most dominant taxon, mainly represented by opportunistic 
species and thus, indicating the prevalence of slightly disturbed environmental conditions. The 
structure of zoobenthic communities differed among the three study sites, and especially between the 
innermost and the outer Thermaikos stations (i.e. S2 vs S3). A typical seasonal pattern, i.e. divergence 
of winter samples, was assessed in all stations, being more profound in S1 and S2 where colder water 
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masses occurred compared to the outer Gulf station (S3). The above biotic patterns derived from the 
combined effect of three main environmental parameters: temperature, clay and sediment’s organic 
content. According to the biological quality element of macro-invertebrates, the water quality status 
of Thermaikos was assessed as moderate in the inner gulf stations (S1, S2), and as good in the outer 
station (S3); however, water quality improved in S1 (the station in the intermediated part of the Gulf) 
during the winter sampling reaching good status. These results are in agreement with the 
phytoplankton monitoring, and generally conform to previous studies and the national monitoring 
program (HCMR, 2015). 
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Abstract 

Nanoparticles may be released into the environment and induce harmful effects to the aquatic 
ecosystem. The aims of the present study were to determine: (1) toxicity, genotoxicity and 
cytotoxicity to larvae of rainbow trout Oncorhynchus mykiss exposed to 4 nmol/L CdSe/ZnS quantum 
dots (QDs); (2) Cd accumulation; (3) the concentration of metallothionein (MT) in larvae after 
exposure to QDs; and (4) explain the possible impact mechanism of the QDs to fish larvae. QDs at 
sublethal concentration was used during the tests. Our findings revealed that heart rate (HR, 
counts/min) of larvae didn’t differ significantly (p < 0.05) from the control; gill ventilation frequency 
(GVF, counts/min) significantly (p < 0.05) increased only after 10 days of exposure to QDs compared 
to the control. Total genotoxicity level (erythroblasts with micronuclei and nuclear buds) in larvae 
significantly (p < 0.05) increased after 4 days of exposure. However, 4 nmol/L QDs did not induce 
significant cytotoxicity over the concentration applied. QDs induced a significant increase in Cd 
accumulation in larvae after 4-10 days of exposure in comparison with the control. MT was used as 
a marker of internal Cd exposure, thus providing indirect information on in vivo QDs degradation. 
The concentration of MT did not change in larvae during treatment. Therefore, QDs were stable 
during 10 days of exposure. QDs absorption was not found to take place in larvae. Possibly, the effects 
of QDs to larvae are related to mechanical impact of QDs. 


Keywords: quantum dots; fish; accumulation; toxicity, genotoxicity and cytotoxicity; 
metallothioneins 


1. INTRODUCTION 


The rapid growth in the nanotechnology industry leads to use of novel nanomaterials like quantum 
dots (QDs) for biomedical applications, such as diagnostics, drug delivery and nanotherapy. The 
knowledge regarding the uptake mechanisms of nanoparticles (NPs) and toxicity to organism is not 
well understood (Murugan et al, 2015). QDs are semiconductor crystals of nanometer dimensions (2— 
10 nm), containing 200—10000 atoms, and can consist of a cadmium/selenide (CdSe) core with a zinc 
sulfide (ZnS) shell with some type of surface coating. To their strong fluorescence intensity, their 
stability, water solubility, small size and flexible surface charge enable QDs suitable agents to study 
uptake with in vitro and in vivo studies (Zhang et al, 2011). Nevertheless, little is known about the 
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environmental risks of exposure to these NPs. Due to their possible large scale of production in future 
and NPs release in the environment has led to alarming on their potential long-term toxicity related 
to the fact that these materials contain heavy metals such as Cd, As, Zn, Pb (Libralato et al, 2017). 


The question is open about the safety of using QDs for treating patients, as there are not enough 
reliable studies on their toxicological effects. Oh et al (2016) study showed the need for more in- 
depth analysis for major QDs types, because QDs toxicity is closely correlated with many specific 
parameters of QDs, such as surface properties (including shell, ligand and surface modifications), 
diameter, assay type and exposure time. Two major mechanisms are involved in the toxicity effects 
of QDs: Cd** in the structure that could cause interference in DNA repair or increase of oxidative 
stress and free radical formation. The release of Cd** from the core of QDs influences toxicity and 
causing ROS generation (Ji et al, 2015). 


Studies undertaken to investigate QDs effect have used a broad range of QDs types and included 
classical cytotoxicity assays, and have examined the effects of QDs on cellular organelles and 
gene/protein expression, as well as their behavior and fate in vertebrate and invertebrate models (Oh 
et al, 2016; Rocha et al, 2017). Fishes or mice are usually employed to evaluate in vivo effects of 
contaminants, but studies with mice are time consuming, present ethical issues and are expensive 
(Yong et al, 2013). In recent years, the use of fish as an established animal model system for NPs 
toxicity assay is growing exponentially (Chakraborty et al, 2016; Rocha et al, 2017). Different types 
of parameters are used to evaluate NPs toxicity such as hatching achievement rate, developmental 
malformation of organs, damage in gill and skin, abnormal behavior (movement impairment), 
immunotoxicity, genotoxicity or gene expression, neurotoxicity, endocrine system disruption, 
reproduction toxicity and finally mortality (Chakraborty et al, 2016). 


QDs may be released into the environment and induce harmful effects to humans and the ecosystem 
(Demir and Castranova 2017). QDs can be transferred from prey to predator in a microbial food chain 
(Werlin et al, 2011). Lee et al (2015) showed a three-level (from Astasia longa (protozoa) to Moina 
macrocopa (cladoceran), and to Danio rerio (fish)) transfer of QDs in the aquatic environment. In 
addition, NPs with certain physicochemical characteristics can readily enter biological membranes 
(Murugan et al, 2015). NPs may reach the embryo from somatic tissues, in case of their capability to 
cross species-specific barriers, spanning from embryo protective layers (i.e., chorion membrane for 
zebrafish and Drosophila) up to the highly structured mammalian placenta (Tortiglione 2011). 


Many QDs produced characteristic signs of Cd toxicity that were weakly correlated with 
metallothionein (MT) expression, indicating that QDs were slightly degraded in vivo (King-Heiden 
et al, 2009). Using MT gene induction as an indicator of Cd** release, these studies could detect 
breakdown of QDs after absorption by the organism (King-Heiden et al, 2009). Additionally, the 
fluorescence emission shifts from red to blue and the excitation fluorescence peak become broader 
during QDs biodegradation (Alaraby et al, 2015). Furthermore, the QDs degradation could be due to 
low pH or oxidation of QDs surface (Khalil et al, 2011). The low pH conditions of the gastric tract 
can contribute to QDs degradation in Drosophila larvae and fish (Alaraby et al, 2015; Duan et al, 
2013). 


The current knowledge is yet too limited to drawing conclusions about risks of QDs to early 
development stages. Further investigations are needed for clarify toxic mechanisms of QDs, 
particularly in early development of organisms. The aims of present study were to assess toxicity, 
genotoxicity and cytotoxicity to larvae of rainbow trout Oncorhynchus mykiss exposed to 4 nmol/L 
CdSe/ZnS quantum dots (QDs), to determine accumulation of Cd and the concentration of 
metallothionein (MT) in the whole body of larvae exposed to QDs, and to explain the possible impact 
mechanism of the QDs to fish larvae. 
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2. MATERIALS AND METHODS 


Exposure of fish was performed at the Laboratory of Ecology and Physiology of Hydrobionts (Nature 
Research Centre, Lithuania). Embryos of O. mykiss in the eyed-egg stage were obtained from Simnas 
Experimental Hatchery (Alytus District, Lithuania). All studies have been carried out with non- 
protected life-stages in accordance with Directive 2010/63/EU. 


Water-soluble, red emitting semiconductor QDs (Qdot® ITK™, Life Technologies, CA, USA) a size 
of about 5 - 7 nm as determined by transmission electron microscopy were used at a concentration of 
4 x 10° mol/L. The concentration of QDs was chosen according to the study of Yong et al (2013) 
who showed that LCso values of CdSe—ZnS to zebrafish are in the range of 0.7 - 4.2 x 107 mol/L. A 
volume of 100 uL of a stock dispersion of 8 umol/L QDs was diluted with deep-well water to achieve 
final concentrations of 4 x 10° mol/L in the incubation media. Continuous aeration was used to keep 
the particles suspended. 


The toxicity test was performed in a climate cabinet (Bronson PGC-660, Zaltbommel, the 
Netherlands) with continuous aeration under static conditions according to ISO 7346-1:1996, without 
water changing. According to the OECD 210 (OECD 1992), the experiments were carried out in the 
dark and the larvae were not fed (ISO 10229:1994). The studies were performed in three replicates. 
Deep-well water used for dilution and as control water had a mean pH of 8.0; the temperature was 
maintained at 10 + 0.5 °C, and the oxygen concentration was 10 mg/L. Dissolved oxygen in the tanks, 
temperature and pH were measured routinely with a hand-held multi-meter (Multi 340i/SET, WTW, 
Weilheim, Germany). Heart rate (HR, counts/min) and gill ventilation frequency (GVF, counts/min) 
of larvae were evaluated using stereomicroscope (RZ Series, Meiji Techno, Saitama, Japan). Samples 
of larvae were taken upon days 4, 7 and 10 after exposure start. 


Induction of micronuclei (MN), nuclear buds (NB), bi-nucleated (BN), fragmented-apoptotic (FA) 
cells were analysed in erythroblasts of larvae. Total genotoxicity level was assessed as the sum of 
MN and NB, as well as total cytotoxicity level — as the sum of BN and FA frequencies. Cell smears 
were prepared from whole larvae (with removed yolk sac) body (gently nipped with tweezers): 
directly smeared on glass slides and air-dried. Smears were fixed in methanol for 10 min. and later 
were stained with 10 % Giemsa solution in phosphate buffer pH = 6.8 for 20 - 40 min. The stained 
slides were analysed under light microscopes Olympus BX51 at final magnification of 1,000~. 
Micronuclei and other nuclear abnormalities (NAs) were identified following criteria described by 
Fenech et al (2003). The frequencies of abnormalities were recorded in 1,000 erythroblasts per slide 
using blind scoring by a single observer. 


Experiment of the accumulation of QDs in larvae lasted 10 days: starting from 1-day-old larvae under 
static conditions according to ISO 7346-1:1996. The Cd accumulation was measured in the whole 
body of larvae (10 individuals per 3 replicate). Sampled organisms were dried up on absorbent paper, 
weighted and then stored at —18 °C until Cd analysis. For Cd analysis in larvae, the digestion method 
was used (Thomas and Mohaideen 2015). The content of Cd in the experimental water and in the 
whole body of the fish larvae was analyzed by an atomic absorption spectrophotometer SHIMADZU 
AA-7000 (Japan) with a graphite furnace atomizer GFA-7000 and auto-sampler ASC-7000 
(measured wavelength 185 to 900 + 0.3 nm, high-speed deuterium lamp 185 to 430 nm, heating 
temperature range 50 to 3000 OC, repeatability 2.5%) according to the analysis method LST EN ISO 
15586: 2004. The concentration of Cd standard (Sigma-Aldrich Chemie GmbH, Germany) for atomic 
absorption spectrophotometer is 1000 mg/L and Cd detection limit is 0.3 ug/L. 


MT content determination was assayed according to the method of Peixoto et al (2003). For MT level 
assays, 7 and 10 days old larvae of rainbow trout were weighted and frozen (-80 °C). The larvae were 
homogenized with Potter-Elvehjem homogenizer in 4 volumes of 20 mM tris (hydroxymethyl) 
aminomethane HC! buffer, pH 8.6, containing 0.5 mM phenylmethylsulphonyl fluoride and 0.01% 
B-mercaptoethanol. The homogenate was then centrifuged at 17,000 x g for 30 min at 4 °C. Aliquots 
of 1 ml of supernatant containing MT were added with 1.05 ml of cold (-20 °C) absolute ethanol and 
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80 ul chloroform. The samlpes were centrifuged at 6000 x g for 10 min at 4 °C. The collected 
supernatant was combined with three volumes of cold ethanol (-20 °C), maintained at -20 °C for 1 h 
and centrifuged at 6000 x g for 10 min at 4 °C. The metallothionein-containing pellets were then 
rinsed with 1 ml of 87% ethanol and 1% chloroform mix and centrifuged at 6000 x g for 10 min at 4 
°C. The MT content in the pellet was evaluated using the colorimetric method with 5,5’-dithio-bis(2- 
nitrobenzoic acid) reagent. The pellet was suspended in 150 ul 0.25 M NaCl and subsequently 150 
ul 1 N HCl containing 4 mM ethylendiamintetraacetic acid calcium disodium salt were added to the 
sample. 4.2 ml 2 M NaCl containing 0.43 mM 5,5’-dithio-bis(2-nitrobenzoic acid) buffered with 0.2 
M Na-phosphate, pH 8.0 was then added to the sample at room temperature. The sample was 
centrifuged at 3000 x g for 5 min at room temperature. The supernatant absorbance was evaluated at 
412 nm. MT concentration was estimated using molar absorption coefficient at 412 nm 14140 M tcm” 
' and expressed as micrograms of SH groups per gram of wet weight. 


Means and standard deviations or standard errors for each studied parameter were calculated. 
Differences between the evaluated characteristics studied were tested by two-way ANOVA using 
Statistica 7.0 software (StatSoft Inc., Tulsa, Oklahoma, USA). Results of nuclear abnormalities assay 
were analyzed by non-parametric Mann-Whitney test (GraphPad Software Inc., San Diego, CA, 
USA). Differences were accepted as significant at the 95 % level of confidence (p < 0.05). 


3. RESULTS 


In this investigation, GVF of larvae after 10 days of exposure to QDs significantly (p < 0.05) increased 
as compared to the control (Figure 1 A). Meanwhile, after 4 and 7 days of exposure to QDs GVF of 
larvae did not differ significantly from the control. Also, HR of larvae throughout the exposure period 
did not differ significantly from the control, ranging from 101.60 + 6.73 to 103.73 + 8.48 counts/min 
(in control HR was from 101.33 + 3.90 to 103.20 + 5.06 counts/min) (Figure 1 B). 


Results of total cytotoxicity and total genotoxicity levels in erythroblasts of O. mykiss larvae are given 
in Figure 2. Significant elevation of the total cytotoxicity level was not found after QDs treatment. 
However, total cytotoxicity level after 4 days of exposure was approximately 5-fold higher compared 
to the control level. Treatment with QDs significantly increased total genotoxicity level in larvae 
erythroblasts, which was 2.5-fold higher than the control level. 
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Figure 1. Toxic effect of QDs on biological parameters of O. mykiss larvae: (A) GVF 
(counts/min) and (B) HR (counts/min) (mean + SEM, N = 15). * Significant difference from the 
control (p < 0.05). 
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Figure 2. Total cytotoxicity (bi-nucleated (BN)+ fragmented-apoptotic (FA)) and total 
genotoxicity (micronuclei (MN)+ nuclear buds (NB)) levels (mean + SEM, N = 7) in 
erythroblasts of O. mykiss larvae in control and QDs exposed groups. Asterisks (*) denote 
significant differences from control group (p < 0.05) 


Changes of Cd concentrations in larvae during experiment are shown in Figure 3. Samples of larvae 
were taken upon days 4, 7 and 10 after exposure start to determine the accumulation of QDs to 
rainbow trout larvae depending on the duration of exposure. Cd accumulation in larvae after 4, 7 and 
10 days exposures to QDs were significantly (p < 0.05) different from the control (Figure 3). The 
maximum value of accumulated Cd was found in larvae exposed to QDs after 10 days of exposure 
(1.302 + 0.272 ug/g). However, accumulation of Cd in larvae did not depend on the duration of 
exposure. 
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Figure 3. Cd accumulation (wet weight, ug/g) in O. mykiss larvae after 4, 7 and 10 days of 
exposure to QDs. 


Measured MT content was used as a marker of internal QDs exposure. However, the MT contents in 
larvae showed no significant changes after treatment QDs for 7 and 10 days compared to the control 
(Figure 4). 
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Figure 4. Metallothionein content (SH groups, mg/g) in O. mykiss larvae after 7 and 10 days of 
exposure to QDs. 
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4. DISCUSSION AND CONCLUSIONS 


The toxicity study showed significantly (p < 0.05) increased GVF of larvae as compared to the control 
after 10 days of exposure to QDs, however GVF in larvae showed no significant changes after 4 and 
7 days of exposure, and HR in larvae showed no significant changes after 4, and 10 days of exposure 
to QDs (Figure 1 A and B). One possible explanation for these results is that QDs interfered with 
breathing due to QDs adhesion in gill. Gill is an important organ for respiration, osmoregulation, 
acid-base balance and nitrogenous waste excretion (Mansouri et al, 2016). Gills are most important 
targets of waterborne objects such as NP (Chakraborty et al, 2016). For instance, Cu NPs may damage 
gills lamellae of zebrafish (Griffitt et al, 2007). It was noticed that gill of larvae forms mucus complex 
with QDs. Mucus secretion were also observed in the present study and were reported by other authors 
(Federici et al, 2007; Smith et al, 2007) for rainbow trout exposed to single walled carbon nanotubes 
and titanium dioxide nanoparticles. In addition, Ag NPs can induce excessive mucus secretion and 
hyperplasia in gill tissue of zebrafish (Mansouri and Johari 2016). The larvae gradually developed 
unique systems to protect themselves from the toxicity of chemicals. The number of mucous cells 
may be an indicator of exposure to stressors (Ostaszewska et al, 2016). An increase in the number of 
mucous cells secreting sulfated and carboxylated mucins is associated to the increase in mucus 
viscosity, which improves its protective properties (Kumari et al, 2009). Mucus consists of 
immunoglobulin, lysosome, and lectin that protect fish against infections. According to Poleksic et al 
(2010) reduction of mucous cell abundance at the highest AgNPs concentration and a decrease in the 
number and area of mucous cells in fish exposed to CuNPs show exhaustion of proliferative ability 
of mucous cells. 


The most obvious finding to emerge from the nuclear abnormalities analysis in larvae is that 
significant increase of total genotoxicity level (as sum of MN and NB frequencies) in QDs exposed 
larvae eryhtroblasts was determined. Xiao et al (2016) study results revealed that carbon QDs 
exposure causes significant DNA damage in embryonic cells of Rare Minnow (Gobiocypris rarus). 
Oxidative stress induced DNA damage and the inflammatory response are considered to be the main 
mechanisms causing toxicity of the NPs (Xiao et al, 2016; Schins and Hei 2006; Schins and Knaapen 
2007). Further studies focusing on QDs-induced genotoxicity should be performed using fish 
erythroblasts/erythrocytes, which, as indicated by the present study, are important targets for in vivo 
QDs toxicity. 


As shown in Figure 3, the Cd amount in larvae was significantly (p < 0.05) different from the control 
during the exposure period. QDs potential risk could be caused by the nanomaterial itself or by their 
free metallic components (Hardman 2006). The determination of chemical concentration in larvae is 
a challenge since it requires highly sensitive analytical techniques owing to the low sample amount 
(1 larvae ~ 0.1 g). In this study, larvae do not feed yet, suggesting that one possible way to pass QDs 
in the larvae are skin-absorption. It is well known that biological barriers play a significant function 
to determine QDs biodistribution (Chu et al, 2010). A small size of QDs (between 1 and 100 
nanometers) permits these NPs to get into the body through cellular barriers and can reach organs and 
tissues and interact with biological structures, thus impact normal functions in different ways 
(Maldiney et al, 2011). NPs could accumulate selectively in the head, yolk sac and the tail after NPs 
enter into the larvae body through swallowing and skin-absorption (Kang et al, 2015). However, QDs 
could be eliminated in the urine of larvae or degraded into particles and could be removed by 
lysosome-like vesicles, and then accumulate in the kidney and liver (Lei et al, 2011). In contrast, 
during normal metabolism, the primary accumulation tissues of heavy metal Cd are the liver and 
kidneys (Haouem et al, 2007). Lei et al (2011) noted that MAA-QDs were unable to diffuse into the 
yolk of larvae because of the high content of lipids in the yolk cell. 


MT content (an indicator of metal ion exposure) were used to detect toxicity due to Cd?*, however 
MT contents in larvae did not significantly increase after 7 and 10 days of exposure (Figure 4). Our 
research data coincides with Fischer et al (2006) data that ZnS shell and surface ligands protect QDs 
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from degradation in vivo. Therefore, QDs were stable during 10 days of exposure and QDs absorption 
was not in larvae. In contrast with our finding, King-Heiden et al (2009) noticed that QDs degraded 
at least partially in vivo, MT expression correlated with CdClz2 and QDs exposure concentrations. 


In summary, this study demonstrates that QDs induced significantly (p < 0.05) increased GVF of 
larvae as compared to the control only after 10 days of exposure to QDs, however QDs did not cause 
GVF changes in larvae after 4 and 7 days of exposure and HR changes in larvae after 4, 7 and 10 days 
of exposure (Figure 1 A and B). Furthermore, total genotoxicity level was found to increase 
significantly after 4 days exposure to QDs (Figure 2). The Cd amount in larvae was significantly (p 
< 0.05) different from the control throughout the exposure period (Figure 3). Our study further 
demonstrated that the MT levels of larvae were unchanged (Figure 4), which might explain that QDs 
were stable and QDs absorption was not in larvae. Thus, our findings suggest that exposure to QDs 
could be due to QDs adhesion in gill, which induced toxicity to larvae. Results of toxicity and 
genotoxicity studies allow to assuming that the mechanical impact of QDs could be one of the factors 
induced the changes of physiologic function in fish larvae. However, further investigation must be 
undertaken to confirm this presumption. 
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Abstract 

The aim of this study was to assess bioconcentration factor (BCF), metallothioneins (MT), 
genotoxicity, cytotoxicity and changes of haematological parameters in roach Rutilus rutilus after 14 
days treatment with a six metals mixture (MIX) at environmentally relevant concentrations (Zn — 0.1, 
Cu — 0.01, Ni — 0.01, Cr — 0.01, Pb — 0.005 and Cd — 0.005 mg/L) and with 6 variants (reduced 
concentration of single metal while other metals concentration remain constant) of the MIX. Most 
frequently the highest accumulated amount of metals in tissues (gills, liver, kidneys, muscle) was 
detected after treatment with variants of MIX. Significantly reduced concentration of accumulated Ni 
was measured after Cul, Cr}, Pb} and Cd] treatments (10 times reduced Cu?*, Cr°*, Pb?*and Cd” 
concentration, respectively) in all tissues (except in liver after Cul, Cr} and CdJ treatments) 
compared with MIX. Significant induction of MT in liver and kidneys was not detected. However, 
positive correlation (r = 0.83; p = 0.022) was measured between MT and Zn amount in liver. DNA 
damage in erythrocytes of roach was examined by comet assay. Additionally, erythrocytic nuclear 
abnormalities were assessed in erythrocytes of peripheral blood, liver, kidneys and gills. Significant 
DNA damage was measured after Cr}, Pb| and Zn] treatments. Significant elevations in total ENAs 
were measured after Cr} and Ni}, MIX or Niy treatments in peripheral blood, gills and kidneys 
erythrocytes, respectively. The frequencies of separate ENAs such as micronuclei, enucleus were 
significantly elevated after Cr], Niļ treatments in peripheral blood, respectively; apoptotic cells — 
after MIX treatment in gills and enucleus after Niļ treatment in liver compared to control level. 
Decreased number of red blood cells, haematocrit level, haemoglobin concentration and increased 
number of white blood cells in peripheral blood was measured after MIX treatment. However, only 
decrease in haemoglobin concentration was statistically significant. 


Keywords: Genotoxicity; comet assay; cytotoxicity; bioconcentration factor (BCF); Rutilus rutilus; 
metallothioneins 


1. INTRODUCTION 


Metals in the environment continue to create serious global health concerns, because metals cannot 
be degraded into non-toxic forms and are persistent pollutants in the ecosystems (Ayangbenro and 
Babalola, 2017). Metals at certain concentrations are toxic to all life forms. However, contamination 
of the ecosystems with metals continues to increase and exceed the recommended limit in the 
environment (Dixit et al, 2015). Several studies showed that metals are toxic to fish even at low 
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concentrations and are capable of inducing genotoxicity, cytotoxicity, DNA fragmentation and other 
toxicity endpoints (Zhu et al, 2004; Cavas et al, 2005). Genotoxicity and cytotoxicity of metal mixture 
at Maximum-Permissible-Concentrations (MPC) previously were evaluated in rainbow trout 
(Ochorhyncus mykiss) (Valskiené et al, 2015) and Atlantic salmon (Salmo salar) (Stankevičiūtė et al, 
2017). Significant accumulation of metals in S. salar tissues also was reported after treatment with 
metal mixture at MPC (Stankevičiūtė et al, 2017). However, most of the studies evaluating joint metal 
toxicity are dealing with binary metal mixtures toxicity at high concentrations (Driessnack et at., 
2016, 2017; Duran et al, 2015; Winter et al, 2012). Notwithstanding, fish in the environment 
encounters with complex metal mixtures. Such exposure may lead to higher toxicity and 
bioaccumulation levels due to interactions of compounds in the metal mixture (Heys et al, 2016; 
Cedergreen, 2014). 


This study was designed to evaluate metal mixture induced genotoxicity, cytotoxicity, changes in 
haematological parameters, bioaccumulation and metallothioneins content in R. rutilus tissues using 
whole mixture approach. Whole mixture testing is more similar to the current environment exposure, 
because chemicals in the environment exist in mixtures and at low concentrations (Heys et al, 2016). 


The main objectives of the present study were: 1) to assess bioconcentration factor (BCF) of metals 
in different tissues (gills, liver, kidneys and muscle) of Rutilus rutilus after exposure to metal mixture 
at a concentration corresponding to Maximum-Permissible-Concentrations (MPC) accepted for the 
inland waters in EU, 2) to assess DNA damage and nuclear abnormalities in erythrocytes of roach 
after treatment with metal mixture and variants of this mixture, 3) to evaluate metallothioneins content 
in liver and kidneys tissue and 4) to assess haematological changes after fish exposure to metal 
mixture. 


2. MATERIALS AND METHODS 


2.1 Experimental set-up 

The test was conducted on hatchery-reared 3—4 years old juveniles roach (Rutilus rutilus Linnaeus, 
1758), average total weight 50.9 + 12.4 g and average total length 160.6 + 12.2 mm (mean + SD, N 
= 56 respectively). The fish was obtained from fish hatchery (Elektrėnai District, Lithuania) and kept 
for acclimation in holding tanks (1000-L volume) supplied with flow-through aerated deep-well water 
at least two weeks prior to testing. Fish were kept under a natural light cycle and fed commercial fish 
feed (ALLER PLATINUM) daily in the morning; the total amount was no less than 1% of their wet 
body mass per day. During the experiment, both water supply and diet were kept as during the 
acclimation period. Deep-well water was used as the dilution water. Its chemical and physical 
characteristics have been presented in our previous research (Stankevičiūtė et al, 2017). Reagent 
grade metal salts («(REACHIM» Company, Russia) were used as the toxicants. Stock solution was 
prepared by dissolving the necessary amount of the salt in distilled water, the final concentration 
being recalculated according to the amount of metal ion. The experiment was conducted under semi- 
static rotating water-current conditions on 8 groups of fish (treatment and control, N = 56). Seven R. 
rutilus were put in each polyethylene (PE) tank of 35-L total volume filled to a level of 30 L with 
continuously aerated dilution water (7 treatments), a total of 49 fish in treatment and 7 in control 
groups. Test fish were exposed for 14 days period to a six metal (Zn, Cu, Ni, Cr, Pb and Cd) mixture 
(hereinafter referred to as MIX) at a concentration corresponding to Maximum-Permissible- 
Concentrations (MPC) accepted for the inland waters in EU (Directive 2008/105/EC) (Table 1). Other 
treatments were performed by reducing MPC of single metal in the mixture (MIX) made of 6 metals 
by 10-times, while other 5 metals concentrations remain constant (e.g. Zn} (metal with reduced 
concentration in MIX), while Cu, Ni, Cr, Pb, Cd concentrations remain constant (hereinafter referred 
to as Zn|) and etc.). Test solutions and clean water were renewed every day, and test fish were 
transferred into freshly prepared solutions after they were fed. 
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Table 1. Metals and their test waterborne concentrations (mg/L) in test media. 


Concentration (mg/L) 
MIX MIX Metal 
ney Sorte (MPC) Measured ee a 

nominal (mean + SD) (mean + SD) 
Zn ZnSO4-7H20 0.1 0.115 + 0.014 0.01 0.02 + 0.001 
Cu CuSO4°5H20 0.01 0.009 + 0.001 0.001 0.0018 + 0.0003 
Ni NiSO4:7H20 0.01 0.011 + 0.002 0.001 < 0.002 
Cr K2Cr207 0.01 0.012 + 0.002 0.001 0.0016 + 0.0002 
Pb Pb(NO3)2 0.005 0.0045 + 0.0004 0.0005 < 0.001 


Cd Cd(CH3COO)2:2H20 0.005 0.0052 + 0.0003 0.0005 0.00042 + 0.00003 


The main physico-chemical parameters of the water were measured routinely with a hand-held multi- 
meter (WTW Multi 340i/SET, Germany). Designed nominal metal concentrations in the tanks were 
checked during blank tests (without fish) (V = 4) with an atomic absorption spectrophotometer 
(SHIMADZU AA-6800, Japan) by graphite furnace technique using proprietary software. Each water 
sample was acidified with reagent-grade nitric acid (final concentration 0.5% v/v) and analysed in 
triplicate. Mean measured concentrations are presented in Table 1. 


2.2 Metal bioaccumulation analysis 

After the testing was completed, fish (of control and metal-exposed groups) were sacrificed. Fish 
were measured (total body length, mm) and weighed (total body weight, g). Later, they were used in 
the removal of needed tissues: muscle without skin (~3 g), gills (whole organ), liver (whole organ) 
and kidneys (whole organ); organs were weighed to an accuracy of +0.001 g. Fish samples were hot 
air oven-dried at 85 °C for 24 hours until reached constant weight, pre-digested tightly in a 
concentrated ultrapure HNO3 (60%) and H202 (30%) (Lach-Ner, Chempur, respectively) at a ratio of 
5:1 v/v for eight hours at a room temperature and then microwave-digested quickly (Jia et al 2005). 
After cooling solutions were filtered through a 0.45 um glass filter and diluted with deionized water. 
Metal concentrations were measured by atomic absorption spectrophotometry on Varian Spectr AA 
55 (USA) with a graphite furnace technique in accordance with standardized procedure ISO 
15586:2003 final concentration being expressed as mg/kg of wet weight. Accuracy of analytical 
procedure was checked using certified reference material fish homogenate (IAEA—407). Recoveries 
were in acceptable range (within 10%) of the certified values. 


2.3 Bioconcentration factors (BCF) estimations 

Tissues with BCF greater than 1,000 are considered high, and less than 250 is low bioaccumulation 
potential, with those between classified as moderate (Landis et al, 2011). BCF values in this study 
were calculated as reported by Gobas et al (2009) where bioconcentration factor (BCF) is defined as 
the ratio of the steady-state metal ions concentrations in the fish vs the concentration in water: 


Cwater (mg/L) 


BCF , (1) 


2.4 Metallothioneins determination 

Metallothionein content determination was assayed according to the method of Peixoto et al (2003). 
For metallothionein level assays, the liver and kidney were removed, weighted and frozen (-80 °C). 
The organs were homogenized with Potter-Elvehjem homogenizer in 4 volumes of 20 mM Tris-HCl 
buffer, pH 8.6, containing 0.5 mM PMSF and 0.01% B-mercaptoethanol. The homogenate was then 
centrifuged at 17,000 x g for 30 min at 4 °C. Aliquots of 1 ml of supernatant containing 
metallothioneins were added with 1.05 ml of cold (-20 °C) absolute ethanol and 80 ul chloroform. 
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The samples were centrifuged at 6000 x g for 10 min at 4 °C. The collected supernatant was combined 
with three volumes of cold ethanol (-20 °C), maintained at -20 °C for 1 h and centrifuged at 6000 x 
g for 10 min at 4 °C. The metallothionein-containing pellets were then rinsed with 1 ml of 87% 
ethanol and 1% chloroform mix and centrifuged at 6000 x g for 10 min at 4 °C. The metallothionein 
content in the pellet was evaluated using the colorimetric method with DTNB reagent. The pellet was 
suspended in 150 ul 0.25 M NaCl and subsequently 150 ul 1 N HCI containing 4 mM EDTA was 
added to the sample. 4.2 ml 2 M NaCl containing 0.43 mM DTNB buffered with 0.2 M Na-phosphate, 
pH 8.0 was then added to the sample at room temperature. The sample was centrifuged at 3000 x g 
for 5 min at room temperature. The supernatant absorbance was evaluated at 412 nm. Metallothionein 
concentration was estimated using molar absorption coefficient at 412 nm 14140 Mcm! (Eyer et al, 
2003) and expressed as micrograms of SH groups per gram of wet weight. 


2.5 Erythrocytic nuclear abnormalities (ENAs) analysis in in vivo assay 

ENAs analysis was performed in peripheral blood, gills, kidneys and liver erythrocytes. Blood was 
immediately taken from the caudal vein. A drop of blood was directly smeared on microscopic slides 
and air-dried. After the sacrifice, small pieces of cephalic kidneys, liver and gills were dissected, 
softly dragged along clean slide and allowed to dry for 1-2 h. Dried smears were fixed in methanol 
for 10 min. and were stained with 10% Giemsa solution in phosphate buffer pH = 6.8 for 8 min. 
(BarSiené et al, 2004). The stained slides were analysed under bright-field microscopes Olympus 
BX51 (Tokyo, Japan) using an immersion objective (1000x) and the photos were taken with an 
Olympus U-CMAD3 (Tokyo, Japan) camera. 4,000 erythrocytes with intact cellular and nuclear 
membrane per fish were evaluated using blind scoring by a single observer. Final results were 
expressed as the mean value (%o) of sums of analysed individual lesions scored in 1000 erythrocytes 
per fish sampled from every study group. The formation of micronuclei (MN), binucleated 
erythrocyte with nucleoplasmic bridge (BNb), nuclear buds (NB), nuclear buds on filament (NBf), 8- 
shaped nuclei, fragmented (Fr), apoptotic (Ap), binucleated (BN) erythrocytes were identified using 
criteria described by Fenech et al (2003) and BarSiené et al (2014). Additionally, kidney-shaped, 
blebbed (BL), vacuolated nuclei (VacNuc), enucleus (EN) erythrocytes were identified (Harabawy 
and Mosleh 2014). 


2.6 Cell isolation and Comet assay 

Peripheral blood samples were collected from the caudal vein using an insulin syringe (30G needle, 
3.8% sodium citrate). Blood was placed in a 15 mL glass bottles containing 10 mL of chilled 
phosphate buffered saline (PBS). The viability of the erythrocytes was assessed through the Trypan 
Blue exclusion method (Anderson and Wild, 1994). Only cell suspensions with viability >90% were 
used. Alkaline comet assay version technique was used as described by Singh et al (1988) with slight 
modifications (Fatima et al, 2014). The slides were stained with ethidium bromide, placed under a 
glass cover and analysed by fluorescence microscopy (Olympus BX51, Olympus U-RFL-T, Tokyo, 
Japan); the photos were taken with an Olympus U-CMAD3 (Tokyo, Japan) camera. 50 nuclei of 
each individual were scored randomly and captured at 40x magnification. Images were analysed 
using Comet assay IV version 4.2 software and percentage of DNA in the tail (% Tail DNA) was 
assessed. 


2.7 Haematological analysis 

Blood was sampled from the caudal vein of fish using an insulin syringe (30G needle, 3.8% sodium 
citrate). Following indices of blood parameters were assessed: erythrocytes (RBC, 10° x mm?), 
haemoglobin concentration (Hb, g/l), haematocrit level (Hct, 1/1), leukocyte count (WBC, 10° x mm” 
3) were determined using routine methods (Svobodova et al, 1991). 


2.8 Data analysis and statistics 


Geno- and cytotoxicity data do not follow a normal distribution (Kolmogorov-Smirnov and Shapiro- 
Wilk normality test). Geno-cytotoxicity data were analysed by the nonparametric Kruskal-Wallis test 
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followed by Dunns post hoc test (using GraphPad Prism® 5.01 (GraphPad Software Inc., San Diego, 
CA, USA)). BCF and MT content data follow a normal distribution. Data for BCF in tissues were 
evaluated by two-way factorial ANOVA followed by Bonferroni post hoc test, MT levels was 
analysed by a one-way ANOVA followed by Bonferroni post hoc test through STATISTICA 7.0 
(StatSoft Inc., Tulsa, Oklahoma, USA) software. Spearman correlation was used to assess the 
relationship between MT content and metal accumulation in liver and kidneys tissues. The results 
were expressed as mean + standard error or standard deviation. The level of significance was 
established at p<0.05. 


3. RESULTS 


3.1 Bioconcentration factor 

According to BCF classification scale (Landis et al 2011), low BCE values of analysed metals were 
measured in fish tissues, except for Zn [in gills (393.1-613.1)), in liver (170.5—318.8), in kidneys 
(249.4-476.7)] and Cu (in liver (971.7—1789.8), in kidneys (139.1-561.7)] (Fig. 1). BCF values 
varied depending on metal, metal mixture treatment and specific tissue. BCF values for Zn and Cd in 
different tissues after treatment with metal mixtures followed the sequence: 
gills>kidneys>liver>muscle; Cu — liver>kidneys> gills>muscle; Ni — kidneys>muscle> gills>liver, Cr 
— liver>gills>muscle>kidneys; Pb — gills>liver>kidneys>muscle. 


The highest BCF value for Zn was detected in gills tissue after treatment with Pb} mixture, in liver — 
after Niļ and in kidneys — Cu] treatment (Fig. 1). Treatments with metal mixtures resulted in the 
highest Cu BCF values measured in liver tissue. The highest BCF value of Cu was detected in liver 
after Pb| treatment, while in kidneys — after Ni| treatment. The lowest BCF values for all analysed 
metals mostly were detected in muscle tissue after metal mixtures treatment. 


BCF of Ni was highly affected by reduction of concentration of all metals (Fig. 1). BCF values for 
Ni significantly differ after all treatments (with reduced concentrations of single metal) performed in 
comparison to MIX treatment. The highest Ni amount accumulated in gills and muscle tissues was 
measured after MIX treatment, in liver — after Cul, in kidneys — after Zn| treatment. BCF values for 
Cr in gills and muscle tissues were significantly higher after Ni] treatment compared to MIX 
treatment. While MIX treatment resulted in the highest Cr BCF value in liver tissue, and Cu] 
treatment — in the highest Cr BCF value in kidneys compared to MIX treatment. Significant 
differences between BCF values for Pb were not detected in kidneys and muscle tissues after all 
treatments performed. However, the highest Pb accumulation was measured after MIX treatment in 
gills and liver tissues, followed by Pb| treatment in gills tissue. Significant differences between BCF 
values for Cd were not detected after all treatments performed and in any analysed tissues in 
comparison to MIX treatment. The highest Cd BCF was measured after Cr} treatment in gills and 
kidneys tissues, while after Zn| and Cu] treatments in liver tissue. 


In summary, 10 times reduction of MPC of certain metal, was not always associated with a significant 
decrease in the same metal amount accumulated in R. rutilus tissues compared to MIX treatment. 
Furthermore, the highest BCF values for metals were measured mostly after treatments with metal 
mixtures with reduced metal concentration in comparison to BCF values after MIX treatment. 
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Figure 1. Bioconcentration factor (BCF) in the selected organ tissues exposed to different 
metal mixture (mean+SD, N=7). Grades (#) denote significant differences from MIX 
treatment groups (p<0.05). 


3.2 Erythrocytic nuclear abnormalities 
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Figure 2. Erythrocyte nuclear abnormalities (ENAs) in (A) peripheral blood, (B) gills, (C) 
liver and (D) kidneys erythrocytes in control fish and fish treated with metal mixtures 
(mean+SE, N=7). Asterisks (*) denote significant differences from control group (p<0.05). 
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14 days treatment with metal mixtures significantly affected micronuclei, enucleus and apoptotic 
erythrocytes frequencies. The frequencies of separate ENAs such as MN, EN were significantly 
elevated after Cr}, Niļ treatments in peripheral blood erythrocytes, respectively; apoptotic (Ap) cells 
— after MIX treatment in gills and enucleus after Ni} treatment in liver erythrocytes compared to 
control level. Significant elevations in total ENAs were measured after Cr}, MIX or NiJ treatments 
in peripheral blood, gills or kidneys erythrocytes (Fig. 2). 


3.3 Comet assay 

The exposure of fish to Zn], Cr} and Pb| metal mixtures resulted in significant DNA damage 
compared to those from the control group (Fig. 3). The highest percentage of DNA in the tail (22.59 
%) was observed after Cr} treatment followed by Pb| (16.55 %) and Zn| (16.08 %) treatments. 
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Figure 3. DNA damage (percentage of DNA in the tail) in control fish and fish treated with 
metal mixtures (mean+SD, N = 7). Asterisks (*) denote significant differences from control 
group (p<0.05). 


3.4 Haematological parameters and metallothioneins content 

Decreased number of red blood cells, haematocrit level, haemoglobin concentration and increased 
number of white blood cells in peripheral blood was measured after MIX treatment (Table 2). 
However, only decrease in haemoglobin concentration was statistically significant. Metallothionein 
content in liver and kidneys is presented in Table 2. Liver and kidneys MT level increased 1.22 and 
1.25-fold after MIX treatment, respectively, nevertheless, significant differences were not detected. 
Positive correlation (r = 0.83; p = 0.022) was measured between MT and Zn amount in liver. 


Table 2. Effects of metal mixture (MIX) on haematological parameters and metallothioneins 
(MT) content (mean+SD, N = 7) in R. rutilus liver and kidney. 


Treatme RBC count, WBC count, MT 


nt Hb, g/l Hct, 1/1 106 x mm”? 108 x mm” Liver Kidneys 


Control 84.83+11.07 0.3280.07 1.33+0.12 23.42+9.05  41.7+15.3 12.5+0.969 


Mix 33414889) 933.4006 1.03+0.33  28.75411.86 50.848.84 15.544.31 


Asterisks (*) denote significant differences from control group (p < 0.05) 
4. DISCUSSION AND CONCLUSIONS 
The results demonstrated significant DNA damage, elevation in micronucleus, enucleus and apoptotic 


erythrocytes frequencies depending on analysed tissue and performed treatment. Moreover, the 
findings of this study revealed that R. rutilus exposure to metal mixture and its variants induced 
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variation in metals BCF values, indicating possible interactions between components of primary 
metal mixture (MIX) and its variants with 10-times reduced concentration of a single metal. 
Significant effect of MIX on MT content was not detected. Nevertheless, significant decrease in 
haemoglobin concentration was noted after MIX treatment. 


In the present study, muscle tissue exhibited the lowest and less significant variations in metals BCF 
values after treatment with MIX variants with 10-time reduced concentration of a single metal, as 
compared with MIX (except Ni and Cr BCF). The highest values of BCF were detected in metabolic 
body tissues of R. rutilus — gills, liver, kidneys, the least — in muscle. In accordance, Sauliuté et al 
(2017) study showed similar results of metals BCF values in S. salar tissues (Sauliuté et al, 2017). 
Pb| treatment highly affected accumulated amount of Zn and Cr in gill (increased 1.2 and 2.0—fold, 
respectively) compared to MIX treatment. Zn| treatment 1.2-fold increased Ni accumulation in 
kidneys, meanwhile NiJ highly affected accumulated amount of Cr in gill and muscle (increased 2.6 
and 3.0-fold, respectively) compared to MIX treatment. The highest amount of Zn, Cr and Ni 
accumulated was measured after Cu] treatment in kidneys and liver, respectively. However, 
treatments with reduced concentration of a single metal showed the lowest variation in the amount of 
accumulated Cd in tissues, compared to accumulated amount changes of other metals. 


In this study, metal mixtures at MPC induced significant formation of MN, EN and Ap in Cr}, Ni} 
or MIX treatments depending on analysed tissue. The total level of ENAs was also significantly 
elevated after Cr}, Ni} or MIX treatments. Gills erythrocytes, considering ENAs induction, were 
mostly affected by MIX treatment. In peripheral blood erythrocytes, significant changes in single 
endpoints or total ENAs frequencies were detected after Cr} or NiJ treatments, in liver and kidneys 
erythrocytes — after Niļ treatment. The potential of metal induced damage to the genetic material 
using environmentally relevant concentrations has scarcely been investigated. Prior studies, that have 
evaluated toxicity responses in salmonids after treatment with metal mixture at MCP, also reported 
significant elevation in geno- and cytotoxicity endpoints after 14 days treatment (Stankevičiūtė et al, 
2017, Valskiené et al, 2015). Stankevičiūtė et al (2017) study reported significant genotoxicity 
induction in kidneys erythrocytes, while significant cytotoxicity was detected in gills erythrocytes of 
Salmo salar after 14-day treatment. Rainbow trout 14 days exposure to metal mixture at MPC also 
resulted in elevation of genotoxicity endpoints in blood and kidneys erythrocytes, while significant 
cytotoxicity was detected in all analysed tissues (Valskiené et al, 2015). 


In the present study, treatment with MIX resulted in decrease of all analysed haematological 
parameters, except leukocyte count (WBC). Nevertheless, only decrease in haemoglobin 
concentration was significant. The results are in accordance with Vosyliené et al (2006) findings, 
which showed decrease in erythrocyte count, haematocrit level and increase in leukocyte count after 
rainbow trout exposure to complex metal mixture at various concentrations. 
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Abstract 

The aims of present study were to determine genotoxicity, cytotoxicity and toxicity induced by 
Saprolegnia parasitica at concentrations 92000, 22400 and 5500 colony-forming units per milliliter 
(cfu/mL) and Cd (2 ug Cd/L as CdCl2°H20) alone and in combination to rainbow trout Oncorhynchus 
mykiss larvae after 8-day treatment. The formations of micronuclei (MN) and nuclear buds (NB) were 
assessed as genotoxicity, while 8-shaped nuclei and fragmented-apoptotic (FA) erythroblasts were 
assessed as cytotoxicity endpoints. Significant induction of MN frequency was detected after 
treatment with the lowest concentration of S. parasitica and after co-exposure. In contrast, significant 
elevation of NB was measured exceptionally after exposure to the highest S. parasitica concentration. 
Total level of genotoxicity endpoints showed significant elevation after the highest, the lowest S. 
parasitica concentrations and co-exposure treatments. Significant changes in cytotoxicity endpoints 
were not detected after all treatments performed. Surprisingly, exposure to Cd did not induce any 
significant changes of selected biomarkers. During the treatment, biological parameters such as heart 
rate (HR, counts/min) and gill ventilation frequency (GVF, counts/min) were assessed. Toxicity study 
demonstrated that HR of larvae exposed to S. parasitica at concentrations 22400 and 5500 cfu/mL, 
and 5500 cfu/mL+Cd after 8 days was significantly (p<0.05) lower as compared to the control. 
Additionally, S. parasitica at 5500 cfu/mL, and 5500 cfu/mL+Cd induced a significant decrease in 
GVF in larvae at the end of the test. 


Keywords: fish; genotoxicity; cytotoxicity; toxicity; Saprolegnia parasitica; cadmium 
1. INTRODUCTION 


The aquatic fungus-like heterotrophs or straminipilous fungi referred also as “water moulds” 
(traditionally oomycetes) of the order Saprolegniales is common and widespread in freshwater 
environment (Rietmiller, 2000; Dick, 2001). Most of them are saprotrophs decomposing dead 
organic material, but some species are known to be pathogens and have the ability to infect various 
aquatic organisms including fish or crustaceans and induce a number of economically important 
diseases (Willoughby, 1994; Wicker et al, 2001). Fungal disease such as saprolegniosis is known as 
one of the common salmonids disease (Thoen et al, 2011). Naturally, Saprolegnia species are found 
in all lotic and lentic freshwater basins (Rietmiiller, 2000; Markovskaja, 2006). In aquaculture, 
Saprolegnia infection causes severe problem in incubating eggs and newly hatched fry (Hussein et 
al, 2001; Thoen et al, 2011; Van Den Berg et al, 2013). The lethal impact of saprolegniosis could 
cause major financial loss in an industry of the global fish industry production (Phillips et al, 2008). 
According to Bruno et al (2011), over 10% of salmonid eggs become infected with oomycetes in 
hatcheries each year. Since 2002, when the use of malachite green, an organic dye very efficient at 
killing the pathogen and previously widely used, was banned due to its toxicity, Saprolegnia infection 
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has reemerged in aquaculture. There are no chemicals now available that provide sufficient protection 
against the saprolegniosis after hatching (Fornerisa et al, 2003). In order to mitigate Saprolegnia 
infection in aquaculture, the development and testing of general or specific antifungal agents has 
increased (Ali et al, 2014). 


Songe et al (2016) emphasized, that Saprolegnia infection in salmonids eggs has been scarcely 
investigated and the role of such infection in fish eggs remains unclear. Moreover, Saprolegnia 
parasitica is thought to be most frequent species of Saprolegnia genus infecting fish egg (van West, 
2006; Shahbazian et al, 2010). S. parasitica causes rapid death of eggs, because of hyphae penetration 
into the chorion, and consequently failure of osmosis regulation (Songe et al, 2016). In fish, disease 
is characterized by visible white or grey patches of filamentous mycelium on the body or fins of fish, 
hyphae penetrate epidermal tissues causing dermal, epidermal damage and cellular necrosis. 
Furthermore, lethargic behaviour, loss of equilibrium and death are the results of severe infection 
(Pickering et al, 1982). The parasitic lifecycle of S. parasitica has been well described by Andersson 
and Cerenius (2002), Dieguez-Uribeondo et al (1994), Torto-Alalibo et al (2005), Robertson et al 
(2009), and van West (2006). The zoospores of this pathogenic oomycete may be transmitted by fish 
eggs, wild fish, water sources, and equipment (Saha et al, 2016). 


It is important to note, that toxins are very important virulence factors for many fungal diseases. 
Oomycetes are known to secrete toxins, proteinaceous substances or hydrolytic enzymes (Soanes et 
al, 2007). Torto-Alalibo et al (2005) have exuded and isolated several proteins of S. parasitica (CBD 
proteins, CBEL-like proteins, glycosyl hydrolases, proteases, protease inhibitors) and emphasized 
that these proteins can have a range of impacts on health. Moreover, Saprolegnia infection induce a 
strong inflammatory response in fish. As concluded by Belmonte et al (2014) S. parasitica produces 
the metabolite prostaglanding E2 (PGE2), which increases the inflammatory response in fish 
leukocytes. Consequently, inflammatory responses may trigger the genotoxicity. Furthermore, joint 
effects of parasitism and pollution may lead to unexpected toxicity endpoints. Parasites exposed to 
environmental contaminants is a phenomenon, which is not well understood and, which deserves 
further investigation (Sures et al, 2017). Additionally, no studies have been conducted to understand 
the combined impact of the S. parasitica infection and sublethal concentration of toxic metal Cd and 
their geno-, cytotoxicity and toxicity to developing fish. For this reason, the present study has the 
following objectives: a) to identify possible genotoxicity and cytotoxicity potential of S. parasitica 
infection using rainbow trout larvae, b) to assess combined effects of S. parasitica infection and Cd 
exposure on geno- and cytotoxicity endpoints, c) to determine biological effects of S. parasitica and 
Cd alone and in combination. 


2. MATERIALS AND METHODS 


2.1 Experimental set-up 

Rainbow trout Oncorhynchus mykiss eggs (at 20 stages, eyed-egg stage embryos (Ballard, 1973)) 
were obtained from the Simnas hatchery (Lithuania) and risen in bare-bottom tanks supplied with 
flow-through aerated deep-well water. Studies have been carried out with non-protected life-stages 
accordance with EU Directive 2010/63/EU. The laboratory treatment was carried out in an 
environmental chamber (Bronson PGC-660, Zaltbommel, The Netherlands) with continuous aeration 
under static conditions (static non-renewal experiment) according to ISO 7346-1:1996, without the 
water being changed. According to the OECD 210 (OECD, 1992), the experiments were carried out 
in the dark and the larvae were not fed (ISO 10229:1994). 


The fungus-like organism Saprolegnia parasitica Coker was isolated from naturally infected perch 
(Perca fluviatilis). The identification of Saprolegnia isolate was performed at species level, by 
taxonomic analysis of the sexual structures combined with morphological characterization of its 
asexual stage under light microscope Nikon eclipse Ci with phases contrast at magnifications x 400 
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(up to x 1000). The nomenclature of identified species follows Seymour, 1970; Rietmuller, 2000; 
Dick, 2001; Markovskaja, 2006. 


The pure living cultures of Saprolegnia parasitica were isolated by the baiting technique (Seymour, 
1970). Hemp seeds were used as baits, placed into the vessels with 100 mL of distilled water and 
hyphae scraped from naturally infected fish. After 5-7 days white hyphae appeared on the hemp seeds 
with developing asexual and later sexual organs. For the experiments a suspension of S. parasitica 
colony-forming units (cfu - zoospores, oospores, hyphae), prepared from pure living culture with 
concentration levels of 92000, 22400 and 5500 cfu/mL was used. Additionally, cadmium (2 ug Cd/L) 
induced geno-, cytotoxicity and toxicity alone and in combination with S. parasitica at concentration 
5500 cfu/mL were assessed. 


Reagent grade cadmium chloride (CdCl2-H20) («REACHIM» Company, Russia) was used as the 
toxicant and stock solutions were prepared by dissolving a necessary amount of salts in distilled 
water. The concentration of 2 ug Cd/L was chosen according to the 96 h LC50 for rainbow trout 
larvae (Cibulskaité et al, 2015). Nominal metal concentrations in the tanks were checked during blank 
tests (without larvae) (N = 3) with an atomic absorption spectrophotometer (SHIMADZU AA-6800, 
Japan). Mean measured concentrations were within 10 — 15% of target. 


Experiments were conducted on O. mykiss larvae 4 days post hatching. All treatments were carried 
out with 3 replications and control groups (using glass tanks of 1-L total volume filled to a level of 
500 mL with continuously aerated dilution water, a total of 35 larvae per treatment tank and 35 larvae 
in control tank were used). 


2.2 Analytical procedures 

The main physico-chemical parameters of the water (temperature, dissolved O2, pH and conductivity) 
were measured routinely with a hand-held multi-meter (WTW Multi 340i/SET, Germany). Physico- 
chemical parameters of the laboratory water (deep-well) were as follows: dissolved oxygen 10+1 
mg/L, temperature 10+0.5°C, pH 8.1+0.1. Chemical characteristics of the deep-well water have been 
presented in our previous research (Stankevičiūtė et al, 2017). 


2.3 Nuclear abnormalities (NAs) analysis 

Nuclear abnormalities (NAs) analysis was performed in erythroblasts of O. mykiss larvae. Blood 
smears were prepared from larvae body (gently nipped with tweezers): directly smeared on glass 
slides and air-dried. Smears were fixed in methanol for 10 min. and later were stained with 10% 
Giemsa solution in phosphate buffer pH = 6.8 for 20 - 40 min. The stained slides were analyzed under 
light microscope Olympus BX51 (Tokyo, Japan) at final magnification of 1,000 and the photos 
were taken with an Olympus U-CMAD3 (Tokyo, Japan) camera. Identification of micronuclei, 
nuclear buds, fragmented-apoptotic and bi-nucleated cells was done using criteria described by 
Heddle et al (1991) and Fenech et al (2003). The frequencies of abnormalities were recorded in 1,000 
erythroblasts per slide using blind scoring. The test was carried out with 10 specimens of larvae in 
each treatment and control groups for evaluating genotoxicity and cytotoxicity. Genotoxicity 
[induction of micronuclei (MN) and nuclear buds (NB)] and cytotoxicity [induction of fragmented- 
apoptotic (FA) and 8-shaped nuclei cells] endpoints were analysed. Considering low frequencies of 
separate cytotoxicity endpoints, total cytotoxicity level (FA+8-shaped) was assessed as the sum of 
the frequencies of cytotoxicity endpoints. 


2.4 Toxicity assay 

Heart rate (HR, counts/min) and gill ventilation frequency (GVF, counts/min) were investigated. 
Samples of larvae were taken upon days 8 after exposure start. HR and GVF of larvae was measured 
for each larvae individually, and the mean value for 10 larvae was calculated. 
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2.5 Data analysis and statistics 

The geno- and cytotoxicity data follow a normal distribution (Kolmogorov-Smimnov and Shapiro- 
Wilk normality test). Geno-cytotoxicity data were analysed by the one-way ANOVA followed by 
Bonferroni post hoc test (using GraphPad Prism® 5.01 (GraphPad Software Inc., San Diego, CA, 
USA)) for comparison of differences between groups. Toxicity data (HR and GVF) do not follow a 
normal distribution (Kolmogorov-Smimov and Shapiro-Wilk normality test). Differences between 
the evaluated characteristics studied were tested by nonparametric Kruskal-Wallis test using 
STATISTICA 7.0 (StatSoft Inc., Tulsa, Oklahoma, USA) software. The results were expressed as 
mean + standard error or standard deviation. The level of significance was established at p<0.05. 


3. RESULTS 


Results of micronucleus tests with O. mykiss larvae are given in Figure 1. Treatment with the lowest 
S. parasitica concentration (Sap3 — 5500 cfu/mL) significantly increased MN frequencies in 
erythroblasts of larvae. Cadmium alone did not induce significant MN formation. However, Cd in 
combination with S. parasitica at concentration 5500 cfu/mL significantly increased MN frequencies. 
Notwithstanding, MN frequencies induced by Cd in combination with the lowest S. parasitica 
concentration (Sap3) did not significantly differ from exposure to S. parasitica (Sap3) alone. 


2.5 - 
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Control Cd Sap1 Sap2 Sap3 Sap3+Cd 


Figure 1. Mean values (mean + SEM, N = 10) of micronuclei (MN) frequencies in 
erythroblasts of O. mykiss larvae treated with cadmium (Cd, 2ug/L), three concentrations of 
Saprolegnia parasitica (Sap1 — 92000, Sap2 — 22400, Sap3 —5500 (cfu/mL)) and Cd in 
combination with S. parasitica (2 ug Cd/L + 5500 cfu/mL). Letters denote significant 
differences between groups 


Analysis of nuclear bud (NB) revealed a significant increase after treatment with the highest S. 
parasitica concentration (Sap1). Exposure to Cd, other S. parasitica concentrations and co-exposure 
did not significantly affect NB responses in erythroblasts of larvae (Figure 2). 
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Figure 2. Mean values (mean + SEM, N = 10) of nuclear bud (NB) frequencies in 
erythroblasts of O. mykiss larvae treated with cadmium (Cd, 2ug/L), three concentrations of 
Saprolegnia parasitica (Sap1 — 92000, Sap2 — 22400, Sap3 — 5500 (cfu/mL)) and Cd in 
combination with S. parasitica (2 ug Cd/L + 5500 cfu/mL). Letters denote significant 
differences between groups 


Treatment with all S. parasitica concentrations and co-exposure treatment significantly increased 
total genotoxicity level in larvae erythroblasts, except for the 22400 cfu/mL (Sap2) concentration 
level. 


0 I T T T T T 1 
Control Cd Sap] Sap2 Sap3 Sap3+Cd 


Figure 3. Total genotoxicity (MN+NB) level (mean + SEM, N = 10) in erythroblasts of O. 
mykiss larvae treated with cadmium (Cd, 2ug/L), three concentrations of Saprolegnia 
parasitica (Sap1 — 92000, Sap2 — 22400, Sap3 — 5 500 (cfu/mL)) and Cd in combination with S. 
parasitica (2 wg Cd/L + 5500 cfu/mL). Letters denote significant differences between groups 


Significant elevation of total cytotoxicity level was not found after all treatments performed. 
However, the highest total cytotoxicity level was measured after treatment with the lowest S. 
parasitica concentration (Sap3), followed by Sap3+Cd and Sap2 treatments. 
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Figure 4. Total cytotoxicity (FA+8-shaped) level (mean + SEM, N = 10) in erythroblasts of O. 
mykiss larvae treated with cadmium (Cd, 2ug/L), three concentrations of Saprolegnia 
parasitica (Sap1 — 92000, Sap2 — 22400, Sap3 —5500 (cfu/mL)) and Cd in combination with S. 
parasitica (2 wg Cd/L + 5500 cfu/mL). Letters denote significant differences between groups 


In this investigation, significantly (p<0.05) decreased HR of larvae as compared to the control after 
8 days of exposure to Sap2 — 22400, Sap3 — 5500 (cfu/mL) and Cd in combination with S. parasitica 
(2 ug Cd/L + 5500 cfu/mL). Meanwhile, in the highest S. parasitica treatment (Sap1) HR of larvae 
did not differ significantly from the control. HR of larvae in the highest S. parasitica treatment (Sap1) 
was significantly (p<0.05) different from Sap2 and Sap3+Cd treatments. 


The lowest S. parasitica concentration (Sap3 — 5500 cfu/mL) and Cd in combination with S. 
parasitica (2 ug Cd/L + 5500 cfu/mL) induced a significant (p<0.05) decrease in GVF of larvae. 
Additionally, GVF of larvae in Cd treatment were significantly (p<0.05) different from Sap3 and 
Sap3+Cd treatment. 
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Figure 5. Sub-chronic (8 days of exposure) effect of cadmium (Cd, 2ug/L), three 
concentrations of Saprolegnia parasitica (Sap1 — 92000, Sap2 — 22400, Sap3 —5500 (cfu/mL)) 
and Cd in combination with S. parasitica (2 ug Cd/L + 5500 cfu/mL) on biological parameters 
of O. mykiss larvae: gill ventilation frequency (counts/min) and heart rate (counts/min) (mean 
+ SD). 


“ Significant difference from the control (p<0.05). Significant difference between treatments 
(p<0.05): ° significant difference from Sap2 treatment; © significant difference from Sap3 treatment; 
d significant difference from Sap3+Cd treatment. 


4. DISCUSSION AND CONCLUSIONS 


This study was designed to identify possible geno- and cytotoxicity potential and to assess biological 
effects of egg-pathogenic S. parasitica infection in rainbow trout larvae. Moreover, the exacerbation 
of toxicity endpoints of joint parasitism and Cd exposure was assessed. The findings of this study 
indicated a significant increase of separate genotoxicity endpoints and total genotoxicity depending 
on exposure concentration of S. parasitica. However, genotoxicity endpoints did not show a clear 
tendency to increase with increasing S. parasitica exposure concentration. Belmonte and co-authors 
(2014) detected the immune suppression in Atlantic salmon before the pathogen infection 
(establishment) or after early stages of interaction. Moreover, 12 days exposure of fish to S. parasitica 
(10* zoospores/cysts liter!) did not cause evidence of infection and no suppression of the antigen, 
and no induction of proinflammatory genes were detected. These responses might indicate a 
protection against the oomycetes. In this study, exposure to the highest concentrations of S. parasitica 
did not induce the highest frequencies of all analyzed geno- and cytotoxicity endpoints. These results 
might indicate the threshold for inhibition of certain geno- and cytotoxicity responses. Further 
analyses using more frequent sampling and various concentrations of S. parasitica are therefore 
suggested. Scientific literature data related to direct or indirect genotoxic effects induced by 
Saprolegnia do not exist. The genotoxic potential of Saprolegnia parasitica in fish has not been 
investigated at all. This study provides first toxicity data that show significantly increased genotoxic 
activity in rainbow trout after S. parasitica exposure. Azimzadeh and Amniattalab (2017) indicated 
oxidative stress, haematological and histopathological changes in rainbow trout infected with S. 
parasitica. Moreover, parasitic Saprolegnia species produces metabolites, which may induce a strong 
inflammatory response in fish (Belmonte et al, 2014). However, one of the limitations of these 
findings is that it does not explain which mechanisms (direct or indirect) are responsible for such 
genotoxicity outcome. 
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Marcogliese et al (2005) concluded that parasitism in the presence of pollution may further 
compromise the health by reducing the immunocompetence of the host. Furthermore, exacerbation 
of toxicity effects may be noted even parasites infestation occurs at low intensities. In agreement with 
that, the findings of this study, showed the highest total genotoxicity level after joint treatment with 
the lowest S. parasitica concentration and Cd in comparison to other treatments. 


In the present study, significant cytotoxicity was not induced by any S. parasitica concentration 
tested, as well as after co-exposure treatment. As emphasized by Schaumburg et al (2006), parasites 
can induce anti-apoptotic activities in the host. 


In addition, during a sub-chronic test, S. parasitica induced negative effects on biological parameters 
(decreased heart rate and gill ventilation frequency) of rainbow trout larvae. Moreover, these effects 
did not relate to the concentration of S. parasitica. However, significant difference between S. 
parasitica treatments was observed only in heart rate measurement. In fish gills serve as a principal 
organ for respiration, osmoregulation, and excretion (Evans et al, 2005), they also become a 
potentially important site of penetration by parasites (Mikheev et al, 2014). Therefore, in this study, 
saprolegniosis seems to have damaged the gill, then gill ventilation frequency decreased in larvae and 
the deficiency of oxygen induced bradycardia. Furthermore, saprolegniosis-induced hypoxia may be 
responsible for the significant genotoxicity responses measured in this study. In fish, infection begins 
on the head, gills, or fins and spreads over the entire surface of the body, for this reason, often 
osmoregulatory failure results in the death of fish (van West, 2006). On the other hand, in contrast to 
our study, Mikheev et al (2014) demonstrated that rainbow trout reacted to low oxygen concentration 
with wider expansion of parasites (Diplostomum spathaceum), leading to an increase in gill 
ventilation frequency. Additionally, physiological or social stressors could produce similar effects on 
the transmission success of the parasites penetrating fish hosts using the gills. 


This study result showed the negative effects of combined parasites and pollutant exposure. Similar 
results of negative effects were found by Gheorgiu et al (2006), where significantly increased 
mortality of guppies (Poecilia reticulata) exposed to Zn and infected with the monogenean 
Gyrodactylus turnbulli were observed. 


Marcogliese et al (2005) noted that cumulative effects of multiple stressors are becoming a major 
problem in ecotoxicology and many other fields. In conclusion, this study highlights the potential to 
advance our current understanding of the significance of a biological stressor (pathogen) on geno-, 
cytotoxicity and toxicity endpoints. Furthermore, the potential to exacerbate toxicity endpoints after 
fish exposure to multiple environmental stressors (pathogen infection and pollution) is emphasized. 
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Abstract 

The short-term effect of +10 °C heat wave (HW) treatment both as single stressor (in well-watered 
plants, HWW) and simultaneously with drought (HWD) was tested in growth chambers under control 
environment using pot grown plants of barley (Hordeum vulgare L., var. ‘Aura DS’) and weed 
barnyard grass (Echinochloa crus-galli L.) that exhibit C3 and C4 pathways, accordingly. During the 
3-day long HW period, both plants grown under well-watered soil conditions showed significantly 
increased transpiration rate (E) and decreased water use efficiency (WUE). Significant changes of 
photosynthetic rate (P,) were detected only for barley plants. On the last day of HW treatment, P, in 
well-watered barley plants decreased by 13.8% (p < 0.05), compared to the control (CTR) ones. When 
the HW was imposed simultaneously with drought, at the end of the treatment, before plants were re- 
watered, E and WUE in barley plants were in totally different manner than under the single stressor 
of HW — by 76.6% (p < 0.05) decreased and by 13.0% (p < 0.05) increased, accordingly. By contrast, 
in barnyard grass, under HWD treatment, E and WUE were in the same manner as under HWW 
treatment — by 18.4% (p < 0.05) increased and by 19.5% (p < 0.05) decreased, accordingly. P, in 
HWD-treated barley plants at the end of the treatment was considerably lower by 73.5% (p < 0.05) 
and did not returned to the CTR one’s value after one-day recovery. While, in barnyard grass P, was 
only 6.3% (p < 0.05) reduced, but it fully returned to the CTR one’s value after one-day recovery. 
Therefore, contrary to barley, physiological indices of C4 weed barnyard grass responded more 
positive than negative to HWW treatment and demonstrated considerably higher tolerance to drought 
under high air temperature conditions. 


Keywords: heat wave, drought, barley, barnyard grass, photosynthesis, transpiration, water use 
efficiency 


1. INTRODUCTION 


Extreme climatic events such as heat waves and drought periods are predicted to increase in frequency 
and severity in many regions under future climate scenarios (IPCC 2014; Mittal et al., 2014), and in 
the natural environment these two abiotic stresses often occur simultaneously. In the last century, 
Europe’s climate has become more extreme than previously thought (Della Marta et al., 2007; Toreti 
et al., 2013) with increasing summer temperature variability (Jones et al., 2008). It has been stated 
that extreme events occurring during the summer period would have the most dramatic impact on 
plant productivity (De Boeck et al., 2011). The European summer heat wave and drought with July 
temperatures up to 6 °C above average and annual precipitation 50 % below average in 2003 
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demonstrated the profound impact that extreme events may have (Fink et al., 2004). The 2003 
European summer heat wave was followed in 2010 by an even more intense and widespread summer 
heat wave, which scorched enormous areas across Eastern Europe (Barriopedro et al., 2011), 
including western Russia, Belarus, Estonia, Latvia, and Lithuania (Dole et al., 2011). 


Acute heat and drought are perhaps the two most major abiotic stresses for plant vegetation 
worldwide, and the combination of these stresses causes many physiological changes that affect 
different plants and crop growth and functioning (Fahad et al., 2017; Sita et al., 2017). Physiological 
responses of plants to drought stress are complex and vary with plant species and the degree or time 
of the exposure to drought (Bodner et al., 2015). Moreover, plants respond differently to multiple 
stresses from how they do to individual stress (Atkinson and Urwin, 2012). The evidence shown that 
the response of plants to combinations of two or more stress conditions is different from that of single 
treatment and cannot be directly extrapolated from the response of plants to each of the different 
stresses applied individually, as the responses to the combined stresses are largely controlled by 
different, and sometimes opposing, signaling pathways that may interact and inhibit each other 
(Suzuki et al., 2014). Recent studies that examined plant responses to heat and drought have revealed 
that when combined with drought stress, heat waves exacerbated the negative effect of drought stress 
(Dreesen et al., 2012; Rollins et al., 2013; Duan et al., 2017), but the effects caused by the combination 
of heat and drought were not simply the sum of single heat and drought effects, whereas were mostly 
larger than the sum of single stresses (De Boeck et al., 2011; Ruehr et al., 2016). 


In this study, there were used gas-exchange parameters to compare photosynthetic performance in 
one of the most important crop, Hordeum vulagre (barley, C3), and one of the most noxious weeds in 
modern agriculture, Echinochloa crus-galli (barnyard grass, C4), during and after the heat wave both 
as single stressor and simultaneously with drought, and after one-day recovery, based on the 
physiological characteristics of these species. Three following specific hypotheses were addressed: 
(1) HW imposed alone will have a considerably less pronounced negative effect on the C4 weed than 
the C3 crop; (2) drought imposed simultaneously with HW will exacerbate the negative impact of 
HW with more severe effect for the C3 crop; (3) post-stress rate of photosynthesis and other gas 
exchange parameters of C4 weed after one-day regeneration under control conditions will recover to 
a larger extent to the control level than the C3 crop. 


2. MATERIALS AND METHODS 


2.1 Plant material and growth conditions 

Barley (Hordeum vulgare L. cv. ‘Aura DS’) and weed barnyard grass (Echinochloa crus-galli L.) 
seeds were sown in plastic pots (3 1 capasity; 10.6 cm diameter) filled with a mixture of field top-soil (taken 
from Aleksandras Stulginskis University training farm, Kaunas district), perlite and fine sand (5:3:2, 
by volume) under the monoculture conditions (15 plants per pot). Plants were grown in closed plant growth 
chamber with volume of 10 m° (Vytautas Magnus university, Lithuania) under control environment with a 
day length of 14 h with lights on at 8:00 h and lights off at 22:00 h, a day/night ambient air temperature of 
vegetation period of 21/14 °C, ambient CO2 concentration of 400 pmol mol |, relative air humidity (RH) of 
50+5% during the day and 70+5% at night. A light level of ~270 umol m~ s™! photosynthetically 
active radiation (PAR) was provided by a combination of ten natural day-light luminescent lamps (Philips, 
Waterproof OPK Natural Daylight LF80 Wattage 2x58 W/TL-D 58 W) and one high-pressure sodium lamp 
(Philips MASTER GreenPower CG T 600 W). Twice during the experiment, plants were fertilized with the 
complex nutrient (NPK 12-11-18 + microelements) solution to the final N level of 150 kg ha'!. 
Volumetric soil water content (SWC) was kept at 30% using a Theta Probe ML2x sensor combined 
with a hand-set HH2 moisture meter with a depth of 6 cm (Delta-T Devices Ltd., Cambridge, UK). 
Control (CTR) plants were kept under the conditions mentioned above throughout the experiment. 
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2.2 Treatments and experimental design 

The treatments were imposed when both plants reached the 14 growth stage (Zadoks et al., 1974), i.e. 
after full expansion of the third true leaf. Half of the seedlings in the CTR growth chamber were 
randomly assigned to 3 day-long heat wave (HW) treatment and were transferred into HW growth 
chamber (i.e. 31 °C for 6.5 h per day and 21 °C night temperature cycle and an ambient CO2 of 400 
umol mol”'). The temperature in the heated growth chamber was increased gradually every day from 
21 to 31 °C between 9:00-11:00 h, holding the temperature of 31 °C until 17.30 h, and then was 
gradually decreased from 17:30-19:30 h to 25 °C that was maintained till 22:00 h until the period of 
night began, when it decreased to 21 °C and was maintained overnight. After 3 day-long HW 
treatment, at the 4" experimental day plants were moved back to the CTR growth chamber for one- 
day recovery. In this case, plants in HW were subjected to a 3 day-long of +10 °C HW treatment for 
6.5 h per day. Besides, half of the seedlings in HW treatment were also treated under drought stress 
(HWD), i.e. were left without additional watering until they were rehydrated to the CTR plants level 
of 30% SWC at the 4" experimental day (about 15:00 h). Well-watered pots in the HW treatments 
(HWW), as well as CTR plants, were weighed (in the morning between 11:30 h and 12:00 h) each 
day to determine gravitational water loss and to maintain target SWC of 30%. Pots within the same 
growth chamber were rotated every day in order to minimize potential effects of growth chamber on 
plant performance. 


2.3 Leaf gas exchange measurements 

Photosynthetic rate (P,; umol CO2 m°? s™!), stomatal conductance (gs; mol HxO m7 s™!) and 
transpiration rate (E; mmol H2O m° s™!) were measured with a portable closed infrared gas analyzer 
LI-COR 6400 (LI-COR, Inc., Lincoln, NE, USA), equipped with a 6 cm? leaf chamber. The youngest 
fully expanded leaves were fixed in the leaf cuvette, and the measurements were recorded 15 min 
every 10 s when P, and gs reached steady state levels. The gas exchange measurements were made at 
least on one plant of each pot in CTR, HWW and HWD treatments at 10:00 h and 15:00 h, during the 
3 day-long HW treatment, after HW and after one-day recovery of HWW and HWD plants in the 
CTR chamber under unstressed ambient climate conditions. During the measurements, the CO2 level 
in the leaf cuvette was set at the same CO? level as the plants were growing at (i.e. 400 umol mol ! 
CO2), and a bloc temperature was set according to the plants growing conditions (either 21 or 31 °C). 
Air flow rate through the assimilation chamber was maintained at 500 umol s™!, PAR outside the leaf 
chamber was 225+1.3 umol m° s !. The air humidity (RH) and vapor pressure deficit (VPD) inside 
the leaf cuvette were allowed to vary with ambient climate conditions outdoor. During the 
measurements, RH and VPD in the control plants were, respectively, 23+0.7% and 1.8+0.0 kPa, and 
1941.1% and 3.2+0.1 kPa in the heat-stressed plants (all mean + SE). Water use efficiency (WUE; 
umol CO2 mmol! H20) was calculated as the ratio of P, to E. All results were collected from lit 
leaves of intact plants. 


2.4 Statistical analysis 

Data shown are mean + standard error (SE). Statistical analysis was performed using Fisher’s Least 
Significant Difference (LSD) tests (P < 0.05) with STATISTICA 8. Different lowercase letters in the 
figure indicated significant difference among treatments within each day. 


3. RESULTS AND DISCUSSION 


3.1 Effect of heat and drought on photosynthetic rate 

Imposed single +10 °C heat wave (HW) treatment decreased photosynthetic rate (P,) in well-watered 
(HWW) barley plants by 8.3% (p < 0.05) and 13.8% (p < 0.05) on the 2™ and the 3" days of HW 
treatment, respectively. However, it returned to the control (CTR) value on day 4, when the HW was 
released, and did not change from the CTR one’s after one-day recovery. No changes of P, were 
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found in HWW-treated barnyard grass, moreover, it tended to be even a little bit higher for the entire 
experimental period (Fig. 1 A and F). It is not very unexpected, as barnyard grass (Echinochloa crus- 
galli) is a weed of warm regions that requires high temperatures for dry matter production and growth 
(Maun and Bennett, 1986). When the HW was imposed simultaneously with drought (HWD), P, in 
barley declined sharply with significant changes from the 2" day and the most pronounced reduction 
on day 4, before plants were re-watered, when P, in HWD-treated barley was lower by 73.5% (p < 
0.05), as compared to the CTR ones. After one-day regeneration under CTR conditions, P, in HWD- 
treated barley recovered to a large extent to the CTR one’s value, however, was still significant lower 
(-4.0%, p < 0.05). By contrast, P, in HWD-treated barnyard grass decreased significantly by 6.3% 
only on day 4, i.e. when the treatment progressed (Fig. 1 A and F). These results reflect that, under 
the combined impact of HW and drought, the crucial negative factor for both plant P, was drought, 
but not heat, what is consistent with the previous studies (Ruehr et al., 2016; Duan et al., 2017). 
However, barnyard grass showed considerably higher photosynthetic tolerance to drought than did it 
barley plants, what is also not surprised for the C4 type plant. Because of these characteristics (being 
a C4 weed), barnyard grass has a strong potential for competing with C3 crops under such extreme 
climatic events as a periods of heat wave simultaneously with water shortage, that are predicted to 
increase in frequency and severity in many regions under future climate scenarios (IPCC 2014; Mittal 
et al., 2014). The evidence already shown that E. crus-galli becomes more competitive than 
agricultural crops and can cause significant yield losses under the conditions of future climate (Awan 
et al., 2016). 


3.2 Effect of heat and drought on stomatal conductance, transpiration and WUE 

For the entire experimental period, stomatal conductance (gs) in HWW-treated barley plants did not 
differ from the CTR ones, while it tended to decrease and was significantly lower by 23.8% and 
11.0% on day 4 and after one-day recovery, respectively, in well-watered barnyard grass (Fig. 1 B 
and G). Contrary to HWW treatment, gs in HWD-treated barley decreased sharply from the beginning 
with the significant changes from the 2™ day and the most pronounced reduction of gs by 83.9% (p < 
0.05) on day 4, as in the case of P,. After one-day regeneration under CTR conditions, full recovery 
of gs in HWD-treated barley was not observed — it was 20.6% (p < 0.05) lower than in the CTR ones. 
The exacerbated effect of drought on gs, under HWD treatment, was also found in barnyard grass, as 
it was also significant lower from the 2" day with the most pronounced reduction by 39.0% (p < 0.05) 
on day 4 and did not returned to CTR value (-12.7%, p < 0.05) after one-day recovery (Fig. 1 B and 
G). It is known that stomatal closures are more closely related to the soil moisture content than leaf 
water status, and it is mainly controlled by chemical signals such as abscisic acid produced in 
dehydrating roots (Lisar et al., 2012). Therefore, the results show that gs of both plants responded 
more to drought induced stress than to heat, but the changes were considerably higher in barley. 


Transpiration rate (E), under well-watered soil conditions, during all the HW treatment, was 
significantly higher by about 80% and 65% in barley and barnyard grass, accordingly, until it got 
back to the CTR level after the release of HW on day 4 and did not differ from the CTR ones after 
one-day recovery (Fig. 1 C and H). Contrary to HWW treatment, E in HWD-treated barley decreased 
significantly by 42.0% and 76.6% on the 3" and the 4" days, respectively, as the treatment prolonged 
(Fig. 1 C). It is shown that heat and drought imposed simultaneously might influence signals that 
control gas exchange (Prasch and Sonnewald, 2013) that can cause antagonistic responses of plants 
(Mittler and Blumwald, 2010). For example, during the heat stress, plants can increase transpiration 
rate to evaporatively reduce their leaf temperature, in order, to avoid overheat and prevent deleterious 
damages induced by heat stress (Ameye et al., 2012). However, when plants are subjected to heat and 
drought simultaneously, they often reduce transpiration rate, avoiding unnecessary water loss, at the 
cost of evaporative cooling, what in turn leads to increased leaf temperature (Barnabas et al., 2008; 
Ruehr et al., 2016) and the damages on photosynthesis (Duursma et al., 2014; Ruehr et al., 2016), 
which is thought to be among the most thermosensitive aspects of plant function (Wang et al., 2008). 
Therefore, the obtained results show that, in the response to the combined impact of HW and drought, 
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barley plants preferred to reduce their stomata aperture to avoid water loss through transpiration, 
perhaps at the cost of leaf cooling, once more implying that drought had considerably more negative 
effect on their leaf physiology than did it HW. These results are consistent with other evidence that 
water availability has a dominant role in determining plant physiological responses (Carmo-Silva et 
al., 2012; Ruehr et al., 2016; Duan et al., 2017). However, after one-day regeneration under CTR 
conditions, E in HWD-treated barley fully recovered to the CTR value (Fig. 1 C). In contrast to barley, 
on the 3" and the 4" days, E in HWD-treated barnyard grass was still higher by 25.7% (p < 0.05) and 
18.3% (p < 0.05), respectively, compared to the CTR ones, but also did not differ significantly after 
one-day recovery (Fig. 1 H). This finding indicates that, under the same conditions with high air 
temperature and simultaneously the absence of adequate water supply, barley plants, as it was 
expected to C3 species, were more susceptible to drought than the C4 weed barnyard grass, which, 
with the significant higher E under the prolonged HWD treatment, still preferred to employ 
transpiration cooling to cope with heat instead of reducing transpiration, in order, to save water under 
drought conditions, even on day 4, when the HW was already released. 


During the 3-day long HW treatment, water use efficiency (WUE) in well-watered barley and 
barnyard grass plants was reduced by 52.7% (p < 0.05) and 61.6% (p < 0.05) on average, respectively. 
It returned to the CTR one’s level on day 4, after the HW was released, and did not differ after one- 
day recovery (Fig. 1 D and I). Under the heat wave conditions simultaneously with water shortage, 
i.e. on the 2" and the 3" days of HWD treatment, WUE in both plants was reduced to a considerably 
lower extent that under HWW treatment, although was still significantly lower (by 24.4% and 21.9% 
on average, in barley and barnyard grass, respectively), compared to the CTR ones. However, on day 
4, when HW was released, but plants were still not re-watered, WUE in HWD-treated barley increased 
significantly by 13.0%, compared to the CTR ones. By contrast, in barnyard grass it was continuously 
lower by 19.5% (p < 0.05), already suggesting that barley plants suffered substantially more from 
drought than did it barnyard grass. Nevertheless, both plants WUE did not differ from CTR ones after 
one-day recovery (Fig. 1 D and I). 


3.3 Effect of heat and drought on intercellular CO2 concentration 

The intercellular CO2 concentration (C;) in HWW-treated barley plants did not differ from CTR ones 
for the entire experimental period. By contrast, it was significantly lower by 12.3% on average on the 
3" and the 4" days of treatment in barnyard grass and did not return to the CTR one’s value (-6.0%, 
p < 0.05) after one day recovery (Fig. 1 E and J), but it had any influence on P, (Fig. 1 F). In contrast 
to HWW treatment, C; in HWD-treated barley was significantly reduced by 19.6% on average from 
the 2" day of the treatment. After one-day regeneration under CTR conditions, full recovery of C; in 
HWD-treated barley was not achieved (-7.4%, p < 0.05) (Fig. 1 E). These results indicate that 
considerable reduction of P, in HWD-treated barley to a large extent could be attributed to stomatal 
closures and consequent reduced intercellular CO2 concentration. The same assumption was made by 
Duan et al. (2017), who found that under high soil water availability, despite the initial sharp rise in 
leaf stomatal conductance and transpiration at the onset of the heat wave, photosynthesis declined 
gradually in parallel with stomatal conductance as heat wave progressed, maintaining a relatively low 
leaf level water use efficiency. The exacerbated effect of drought on C;, under HWD treatment, was 
also found in barnyard grass, as on the 3" and the 4" days of the treatment it reduced significant more 
(by about 10%) than under HWW treatment (Fig. 1 J). This also could by in part related to the 
decrease of P, in barnyard grass on day 4 under HWD treatment (Fig. 1 F). After one-day recovery, 
Ci in HWD-treated barnyard grass was also still lower by 6.6% (p < 0.05), compared to the CTR ones 
(Fig. 1 E and J), but it had no influence on photosynthesis. 
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Figure 1. The changes of photosynthetic rate (P,), stomatal conductance (g;), transpiration 
rate (E), water use efficiency (WUE), and intercellular CO2 concentration (C;) in Hordeum 
vulgare (barley) (A, B, C, D, E, accordingly) and Echinochloa crus-galli (barnyard grass) (F, 
G, H, I, J, accordingly) during the 3 day-long HW stress (days 1-3), both as single stressor 
(HWW) and simultaneously with drought (HWD), after the HW (day 4), and after one-day 
recovery (day 5), compared to the control (CTR) plants. Values are means + SE for at least 
three independent replicates. Different lowercase letters indicate significant difference (P < 
0.05) among treatments within each day as determined by Fisher LSD test 
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4. CONCLUSIONS 


This study showed a predominant role of soil water availability for barley seedlings even during the 
short-term heat wave period, as simultaneously impact of HW and water shortage caused far stronger 
physiological changes in their leaves than the single HW treatment. When the heat stress was 
accompanied by water stress caused by simultaneously imposed drought, the reductions of P,, Ci and, 
especially, gs in HWD-treated barley were significantly larger, compared to the HWW treatment, with 
incomplete recovery after one day-long regeneration period under the control one’s conditions. By 
contrast, P, in HWW-treated barnyard grass tended to be even a little bit higher, and together with 
the other gas exchange parameters demonstrated considerably higher tolerance to interactive effect 
of HW and drought with fully or a better recovery to the CTR one’s value. Summarizing all the 
obtained results, it can be concluded that barley, as the C3 type crop, suffered substantially more from 
combined impact of HW and drought, while barnyard grass was far less susceptible to HWD 
treatment. Therefore, being a C4 type weed, barnyard grass has a strong potential for competing with 
C3 crops under such extreme climatic events that are predicted to increase in frequency and severity 
in many regions under future climate scenarios. 
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Abstract 

Climate change will increase the frequency of heat waves and droughts. In order of this, such extreme 
weather events are predicted to impact the terrestrial carbon balance. The aim of this research is to 
analyze the effect of heat wave as single stressor (in well-watered plants, HWW) and simultaneously 
with drought (HWD) to soil carbon accumulation in barnyard grass (Echinochloa crus - galli L.) soil. 
For this purpose, plants were grown in a closed growth chambers under conditions of 21°C/400 ppm 
and 25°C/800 ppm. 3 days long heat waves (21°C/400 ppm vs. 31°C/400 ppm and 25°C/800 ppm vs. 
35°C/800 ppm) were applied — single and in combination with drought (i.e. fully and not watered 
during the heat wave period). The results showed that under drought conditions both heat waves 
(21°C/400 ppm vs. 31°C/400 ppm and 25°C/800 ppm vs. 35°C/800 ppm) significantly decreased 
carbon accumulation in barnyard grass soil. Under fully watered conditions only heat wave of 
21°C/400 ppm vs. 31°C/400 ppm significantly decreased carbon accumulation in soil. Also, it was 
estimated, that the heat wave of 25°C/800 ppm vs. 35°C/800 ppm decreased carbon accumulation in 
soil less than the heat wave of 21°C/400 ppm vs. 31°C/400 ppm. These findings may indicate that 
elevated CO2 could mitigate the effects of heat waves and droughts on soil carbon accumulation. 


Keywords: heat wave; drought; carbon; soil; barnyard grass 
1. INTRODUCTION 


Climate change and increasing concentrations of atmospheric greenhouse gases, not only lead to 
gradual mean global warming but may also change the frequency, the severity and even the nature of 
extreme events (IPCC, 2013). As a consequence of climate change, the incidence and severity of 
heatwaves and droughts have substantially increased since the middle of the 20th century (Stocker et 
al., 2013). Droughts often occur accompanied by severe heatwaves, which together generate 
combined effects on carbon cycles (Yuan et al., 2016). A synthesis of the direct and indirect impacts 
of climate extremes on the carbon cycle and the underlying mechanisms is still lacking (Frank, 2015). 
In a recent broad perspective, Reichstein et al. (2013) highlighted the possibility that climate extremes 
and their impacts on the global carbon cycle may lead to an amplification of positive climate—carbon 
cycle feedbacks. Rising atmospheric carbon dioxide (CO2) concentrations are likely to affect several 
important aspects of grasslands, such as the quantity and quality of the herbage produced, plant 
species composition, soil fertility and the potential to sequester carbon (C) in the soil, to mitigate 
the rise in atmospheric CO2 concentrations (Soussana and Luscher, 2007). Accumulation of C in 
grassland ecosystems occurs mostly below-ground and changes in soil organic C stocks may result 
both in land-use changes (e.g. conversion of arable land to grassland) and in grassland management 
(Soussana et al., 2004). Although C4 plants represent only a small portion of the world’s plant 
species, accounting for only 3 % of the vascular plants, they contribute about 20% to the global 
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primary productivity because of highly productive C4 grass-lands (Ehleringer et al., 1997). The 
conservation of grassland C stocks and the role of grasslands as C sinks will become increasingly 
difficult to preserve in an altered climate with a high temporal variability and under high 
atmospheric CO2 concentrations which may saturate the C sink in soils (Soussana and Luscher, 
2007). Despite these difficulties the aim of this research is to analyze the effect of heat wave as 
single stressor (in well-watered plants, HWW) and simultaneously with drought (HWD) to soil 
carbon accumulation in barnyard grass (Echinochloa crus - galli L.) soil. 


2. MATERIAL AND METHODS 


The experiment was conducted in a controlled environment chambers located at Vytautas Magnus 
University. Seeds of weed barnyard grass (Echinochloa crus-galli L.) (15 seeds per pot) were planted 
in 3 L plastic pots containing a growth substrate composed of a mixture of field soil (Luvisols - the 
soil was taken from ASU Training Farm, Kaunas District), perlite and fine sand (5:3:2, by volume). 
Plants were grown under control environment with a day length of 14 h, a day/night ambient air temperature of 21/14 
°C or elevated of 25/18 °C and ambient CO» concentration of 400 umol mol! or elevated of 800 umol 
mol |, and relative air humidity (RH) of 50+5% during the day and 70+5% at night. A light level of ~270 
umol m° s™! photosynthetically active radiation (PAR) was provided by a combination of ten natural 
day-light luminescent lamps (Philips, Waterproof OPK Natural Daylight LF80 Wattage 2x58 W/TL-D 58 W) and one 
high-pressure sodium lamp (Philips MASTER GreenPower CG T 600 W). A nutrient supply 
corresponding to 120 kg N ha ! was used until the beginning of treatment. Additional fertilization with a 
complex nutrient (NPK 12-11-18 + microelements) solution, increasing the N level until 180 kg N 
ha ', was applied one day before the treatment. Volumetric soil water content (SWC) was kept at 
30% using a Theta Probe ML2x sensor combined with a hand-set HH2 moisture meter with a depth 
of 6 cm (Delta-T Devices Ltd., Cambridge, UK). When plants expanded the third true leaf (BBCH 
14 (Meier, 2001)), half of the pots were randomly assigned to 3 day-long heat wave (HW) treatment 
(i.e. 31 °C for 6.5 h per day and 21 °C night temperature cycle and an ambient CO2 of 400 umol mol ! 
and 35 °C for 6.5 h per day and 25 °C night temperature cycle and an elevated CO2 of 800 umol 
mol '), All treatments were run in three replicates. 6.5 h heat cycle was chosen for the purpose to 
represent natural environment conditions. The temperature in the heated growth chambers was 
increased gradually every day from 21 to 31 °C and from 25 to 35 °C. Besides, half of the pots in HW 
treatment were also treated under drought stress - plants were left without additional watering. Well- 
watered pots in the HW treatments, as well as control plants, were weighed each day to determine 
gravitational water loss and to maintain target SWC of 30%. 

After 3 day-long HW treatment soil samples were taken. The samples were air dried at room 
temperature and sieved through 2 mm mesh on purpose to remove all visible roots and plant remains. 
The dried samples of soil were ground to a fine powder with a mill (Retsch HM400, Germany). 
Organic carbon content was measured with a Shimadzu TOC-V solid sample module SSM-5000A in 
the laboratory of Vytautas Magnus University. Statistical analyses were carried out using 
STATISTICA 8 software. Mean values of soil carbon and their standard errors (4SE) were 
calculated. Mann-Whitney U-test was used to estimate the differences in each parameter. The overall 
effects of soil carbon and modified climate conditions and their interactions were determined by one- 
way ANOVA. Spearman’s correlation coefficient between watered-drought conditions and soil 
carbon accumulation was calculated, and the significance of the correlation was tested by the 
Spearman’s test. 


3. RESULTS AND DISCUSSION 
Changes in climate or altered frequency of extreme events can trigger nonlinear changes in C balance, 
as new processes become important (Chapin et al., 2009). The results showed that heat wave 


(21°C/400 ppm vs. 31°C/400 ppm) - single and in combination with drought - significantly decreased 
carbon accumulation in barnyard grass soil (Figure 1). Under watered heat wave conditions soil 
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carbon decreased by 9.2% (p<0.05). Drought conditions had more negative effect on carbon 
accumulation in soil. Under heat wave (21°C/400 ppm vs. 31°C/400 ppm) in combination with 
drought soil carbon decreased by 12.4% (p<0.05). According to other authors (Ciais et al., 2005; 
Saleska et al., 2003), under drier conditions, there are predictions of increased sequestration by 
suppression of respiration and of net loss of carbon through decreased productivity. 


1,8 


21°C/400ppm watered drought 


heat wave 
E 21°C/400ppm vs. 31°C/400ppm 
Figure 1. Responses of soil C to heat wave and drought (21°C/400 ppm vs. 31°C/400 ppm) 
(mean + SE). Watered: Volumetric soil water content — 30 %, drought: no water irrigation. * 
- Statistically significant difference between 21°C/400 ppm and heat wave of 31°C/400 ppm 
applied single and in combination with drought at p<0.05. 


1,8 
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©) 
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25°C/800ppm watered drought 
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m 25°C/800ppm vs. 35°C/800ppm 


Figure 2. Responses of soil C to heat wave and drought (25°C/800 ppm vs. 35°C/800 ppm) 
(mean + SE). Watered: Volumetric soil water content — 30 %, drought: no water irrigation. * 
- Statistically significant difference between 25°C/800 ppm and heat wave of 35°C/800 ppm 
applied single and in combination with drought at p<0.05. 


The heat wave (25°C/800 ppm vs. 35°C/800 ppm) - single and in combination with drought — also 
decreased carbon accumulation in barnyard grass soil, but the change was not significant under 
watered conditions (-5.2%, p>0.05) (Figure 2). Also, drought conditions had more negative effect on 
carbon accumulation in soil than watered conditions. Under heat wave (25°C/800 ppm vs. 35°C/800 
ppm) in combination with drought soil carbon decreased by 9.7% (p<0.05). According to Arnone et 
al., (2008) one year after an anomalously warm season, soil heterotrophic respiration was enhanced 
in a grassland, offsetting net ecosystem carbon uptake. The increase in C storage in the particulate 
soil organic matter with atmospheric CO2 concentration was found to be non-linear and declining at 
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above ambient CO2 concentrations in another research, which may indicate that the soil C sink in 
grasslands will become saturated in a high atmospheric CO2 concentration world (Gill et al., 2002). 
Still, according to some authors (Loiseau and Soussana, 1999a; Gill et al., 2002) due to the large 
variability in soil C content, significant differences in total soil organic-C content are very hard to 
detect in individual studies and are usually not significant. 

ANOVA analysis showed that modified climate conditions (heat waves (21°C/400 ppm vs. 31°C/400 
ppm and 25°C/800 ppm vs. 35°C/800 ppm) — single and in combination with drought) as factor 
significantly changed soil carbon accumulation in the soil of barnyard grass (p<0.05). Also, it was 
estimated, that there was a significant correlation between watered-drought conditions and soil carbon 
accumulation. Under drought conditions soil carbon decreased more than under watered conditions 
(R=-0.6, p<0.05). 

Also, it was estimated, that the heat wave of 25°C/800 ppm vs. 35°C/800 ppm decreased carbon 
accumulation in soil less than the heat wave of 21°C/400 ppm vs. 31°C/400 ppm. The reason of this 
may be elevated CO2 under 25°C/800 ppm vs. 35°C/800 ppm heat wave condition. Recent 
experimental research confirms that carbon storage in soil organic matter pools is often increased 
under elevated CO», at least in the short term (Allard et al., 2005) and under the predicted near future 
climate, elevated CO2 could mitigate the effects of extreme droughts and heat waves on ecosystem 
net carbon uptake (Roy et al., 2016). 


4. CONCLUSIONS 


e Under drought conditions both heat waves (21°C/400 ppm vs. 31°C/400 ppm and 25°C/800 ppm 
vs. 35°C/800 ppm) significantly decreased carbon accumulation in barnyard grass soil. 


e The heat wave of 25°C/800 ppm vs. 35°C/800 ppm decreased carbon accumulation in soil less 
than the heat wave of 21°C/400 ppm vs. 31°C/400 ppm. 


e Elevated CO2 could mitigate the effects of heat waves and droughts on soil carbon accumulation. 
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Abstract 

Global changes such as elevated atmospheric CO2 and air temperature are altering the input rates of 
carbon to plants and soil. In order to study organic carbon (Corg.) accumulation in the below-ground 
and to investigate if there is a dependency between photosynthetic rate and below-ground processes 
of different crop species under increasing levels of air temperature and atmospheric CO2, a closed 
growth chamber experiment was performed with spring barley (Hordeum vulgare L.) and pea (Pisum 
sativum L.) in a controlled environment at ambient [21 °C/400 ppm] and elevated [25 °C/800 ppm] 
temperature and CO2 conditions. The results showed that after 4 weeks of treatment under elevated 
air temperature and atmospheric CO2 conditions barley and pea has accumulated organic carbon in 
roots and soil by different trends. While organic carbon increased (p>0.05) in roots and soil of pea, it 
decreased (p>0.05) in roots and soil of barley under conditions of [25 °C/800 ppm], compared to that 
under conditions of [21 °C/400 ppm]. Contrary, microbial biomass carbon increased in soil of both 
plant species - microbial biomass carbon increased by 55% (p<0.05) in barley soil and by 40% 
(p<0.05) in pea soil under conditions of [25 °C/800 ppm]. Our results also suggested that there was 
no significant correlation between photosynthetic rate and below-ground processes. 


Keywords: below-ground carbon; closed chamber experiment; spring barley; pea 
1. INTRODUCTION 


Increase in atmospheric CO2 concentrations and the rise in temperature will have extreme effects on 
terrestrial plant growth and productivity in the near future. Carbon dioxide (CO2) concentration has 
increased since the pre-industrial period from 280 to 401.62 ppm currently (NOAA, 2016). It is 
expected that this value could increase to an atmospheric concentration of between 750 and 1300 ppm 
for the end of the century (IPCC, 2014). Also, emissions of greenhouse gases caused by human 
activities have augmented 70% from 1970 to 2004. If greenhouse gas emissions continue at high 
levels, temperature is predicted to increase between 1.8 and 6.0 °C (IPCC, 2014). 


A doubling of the COz level initially accelerates carbon fixation in C3 plants by about 30%, yet after 
days to weeks of exposure to high CO2 concentrations, depending on species, carbon fixation declines 
until it stabilizes at a rate that averages 12% above ambient controls (Curtis, 1996). A change of just 
10% in the SOC pool would be equivalent to 30 years of anthropogenic emissions and could 
dramatically affect concentrations of atmospheric CO2 (Kirschbaum, 2000). The overall increase in 
total soil C under elevated CO2 suggests a potential for soil C sequestration. 
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While it has long been known that aboveground processes, particularly gross primary production 
(GPP) and plant community dynamics, strongly control belowground C and nutrient cycling, the 
specific roles of roots have been less clear (Pendall et al., 2008). The vital role of roots as an interface 
between the lithosphere and biosphere is necessary to understand plant response to elevated CO2. 
Despite the important role roots play, they have been an understudied component of agricultural 
research since they exist underground (Madhu, Hatfield, 2013). Atmospheric CO2 is not a factor 
directly connected to the rhizosphere. Any effect of atmospheric CO2 enrichment on rhizodeposition 
is through plant growth, in contrast to factors such as the soil texture or the presence of 
microorganisms that act more directly on the release of C from roots (Nguyen, 2003). Some research 
suggests that root inputs to soil represent 5-33% of daily photoassimilate (Jones et al., 2009), also 
about 40% of photosynthates synthesized in plant parts is lost through the root system into the 
rhizosphere within an hour and the rate of loss is influenced by several factors, e. g. plant age, 
different biotic and abiotic stresses, etc. (Kumar, 2006). Also, it is investigated that increased 
atmospheric CO2 stimulates photosynthesis (Dijkstra et al., 2005; Hungate et al., 2006) and the release 
of root exudates, which in turn means more labile carbon available for microbial decomposition and 
respiration (Hungate et al., 2006; Rayner et al., 2005; Friedlingstein et al., 2006; Ainsworth and Long, 
2005; Heath et al., 2005). For this reason, the objective of this paper is to study organic carbon 
accumulation in the below-ground of different crop species and to investigate if there is a significant 
correlation between photosynthetic rate and below-ground processes. 


2. MATERIALS AND METHODS 


The experiment was conducted in a controlled environment chambers located at Vytautas Magnus 
University in 2017. Seeds of spring barley (Hordeum vulgare L. ., var. ‘Aura DS’) (15 seeds per pot) 
and pea (Pisum sativum L., var. ‘Pinochis’) (15 seeds per pot) were planted in 3 L plastic pots 
containing a growth substrate composed of a mixture of field soil (the soil was taken from ASU 
Training Farm, Kaunas District), perlite and fine sand (5:3:2, by volume). A nutrient supply 
corresponding to 120 kg N ha! was used until the beginning of treatment. Additional fertilization 
with a complex nutrient (NPK 12-11-18 + microelements) solution, increasing the N level until 180 
kg N ha |, was applied one day before the treatments. Elevated atmospheric CO2 and air temperature 
(day/night temperature of 25/18 °C and 800 ppm of CO2) treatment was applied when the seedlings 
of barley and pea were germinated and lasted for 4 weeks. Until that time all plants were grown in 
the control chamber under conditions of current climate — an average day/night temperature of 21/14 
°C and 400 umol mol! of CO2. The following stable conditions were maintained in all chambers: a 
photoperiod of 14 h, relative humidity (RH) of 50/60%, and 300 umol m° s~! photon flux density of 
photosynthetically active radiation (PAR). The pots in the chamber were watered sufficiently and 
regularly. All treatments were run in three replicates. 


Photosynthetic rate (Pr, umol CO2 m°? s™!) was measured with portable photosynthesis system LI- 
6400 (LI-COR, USA) equipped with a 6 cm” leaf chamber with randomly selected youngest fully 
expanded intact leaves. Photosynthetic rate were recorded automatically for approximately 5 minutes 
every 3 s when Pr reached steady state level. During the measurements, leaf chamber conditions were 
controlled at 400 or 800 umol mol! CO», and 21 or 25 °C (bloc temperature), according to the climate 
treatments. Air flow rate through the assimilation chamber was maintained at 500 umol s |. The water 
vapour concentration of air entering the leaf chamber was not controlled and tracked ambient 
conditions, relative humidity was 51+0.9 % in ambient and 39+1.6 % in elevated atmospheric CO2 
and air temperature treatment (all mean + SE). PAR outside the leaf chamber was 226+4.0 umol m~? 
s ' on average across all climate treatments. 


Measurements of carbon accumulation were carried out at a 28-day period after the treatment. A 
subsample of plant roots was dried in an electric air-forced oven at 70 °C until a constant dry weight 
was obtained (at least 72 hours). Soil samples were also taken at a 28-day period after the treatment. 
The samples were air dried at room temperature and sieved through 2 mm mesh on purpose to remove 
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all visible roots and plant remains. The dried samples of roots and soil were ground to a fine powder 
with a mill (Retsch HM400, Germany). Organic carbon content was measured with a Shimadzu TOC- 
V solid sample module SSM-5000A in the laboratory of Vytautas Magnus University. Microbial 
biomass carbon was determined by chloroform fumigation direct extraction method (Beck et al., 
1997). 


Statistical analyses were carried out using STATISTICA 8 software. Mean values of the parameters 
(plant photosynthetic rate (Pr), carbon of root and soil, microbial biomass carbon) and their standard 
errors (4SE) were calculated. Mann-Whitney U-test was used to estimate the differences in each 
parameter. The overall effects of plant species and modified climate conditions and their interactions 
were determined by two-way ANOVA. 


3. RESULTS AND DISCUSSION 


Increasing levels of air temperature and atmospheric CO2 significantly increased (p<0.05) barley and 
pea photosynthetic rate by 48% and 63% respectively under conditions of [25 °C/800 ppm] after 4 
weeks of treatment compared to that of the reference treatment (Fig. 1 (A)). For photosynthetic rate, 
the differences between plant species and modified climate conditions were significant (1 table), but 
there was no significant correlation between photosynthetic rate and below-ground processes. 
Isotopic tracer studies have revealed a rapid and close coupling between photosynthesis and 
belowground C allocation to roots, soil organisms and respiratory processes in forests and grasslands 
(e.g. Ostle et al., 2000; Johnson et al., 2002). According to Irigoyen (2014) when the atmospheric 
CO: concentration rises suddenly (or in a temporal window up to a few days) from 400 to 
700 umol mol™!, the photosynthetic C fixation of C3 plants increases. Either an increase in 
photosynthesis by 25 — 75 % has been detected in many experimental studies on the impact of doubled 
CO? concentration on C3 crops (Urban, 2003; Kirschbaum, 2004). 


The results showed that after 4 weeks of treatment under elevated air temperature and atmospheric 
CO: conditions barley and pea has accumulated organic carbon in roots by different trends (Fig. 1 
(B)). Roots of barley under conditions of [25 °C/800 ppm] have accumulated less (-2.3%, p > 0.05) 
amount of carbon than under conditions of [21°C/400 ppm]. Contrary, roots of pea under conditions 
of [25 °C/800 ppm] after 4 weeks of treatment have accumulated more organic carbon (2.1%), 
compared to that of the reference treatment, however, the difference was not statistically significant 
(p > 0.05). For carbon in roots, only the interaction between plant species x modified climate 
conditions were significant (p<0.1) (Table 1). 


The results of carbon accumulation in plant roots are also inconsistent in other researches. For 
example, Uprety and Mahalaxmi (2000) have established that elevated CO2 significantly increased 
the carbon content of Brassica juncea roots, but according to Lu et al. (2016) elevated CO2 had no 
effects on the total carbon concentration of wheat root. In general, Wang et al. (2010) noted that 
biomass C accumulation was greater in winter than in summer crops. CO2 stimulation of root 
exudation can speed rhizosphere decomposition, causing soil respiration to respond more strongly to 
photosynthetic rate than to soil temperature (Craine et al. 1999). Also, plants grown under elevated 
atmospheric CO2 concentrations generally increase the partitioning of photosynthates to roots which 
increases the capacity and/or activity of below-ground C sinks (Soussana and Luscher, 2007). 
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Fig. 1: Responses of photosynthetic rate (A), root C (B), soil C (C) and microbial biomass C 
(D) to elevated air temperature and atmospheric CO2 conditions (mean + SE). * - statistically 
significant difference between ambient (21°C/400 ppm) and elevated CO2 and temperature 
(25 °C/800 ppm) conditions at p<0.05. 


Table 1: Effects (F value) among plant species, modified climate conditions and their 
interactive effects on photosynthetic rate (Pr), carbon in roots (Croot), carbon in soil (Csoil) 
and microbial biomass carbon (Cmicrobial). Significance values: * - p<0.05, ** - p<0.1. 


Cmicrobial 


Plant (P) 42.3* 


Modified climate conditions (C) 543.9* 
PxC : 2.85 


After 4 weeks of treatment under elevated air temperature and atmospheric CO2 conditions barley 
and pea has accumulated organic carbon in soil also by different trends (Fig. 1 (C)). Similarly, as in 
the case with roots, the amount of organic carbon in barley soil decreased up to 2.8% (p > 0.05) under 
conditions of [25 °C/800 ppm] after 4 weeks of treatment, while it almost has not changed in the soil 
of pea — only 0.9% (p> 0.05) increase under elevated air temperature and atmospheric CO2 
conditions, compared to that of ambient air temperature and atmospheric CO2 conditions [21 °C/400 
ppm]. According to De Graaff et al. (2006) only a small number of experiments reported a significant 
impact of elevated CO2 on soil C sequestration, while some studies showed no differences and others 
found decreases in soil C. 


For microbial biomass carbon, the differences between plant species and modified climate conditions 
were significant (1 table). Microbial biomass carbon increased by 55% (p<0.05) in barley soil and by 
40% (p<0.05) in pea soil under conditions of [25 °C/800 ppm] (Fig. 1 (D)). Increasing CO2 
concentrations can lead to enhanced below-ground allocation of labile carbon through roots and root 
exudates, which can enhance microbial activity and foster decomposition of carbon material that has 
been deemed stable but was in fact not being attacked because microbes were not active (Heimann 
and Reichstein, 2008). Microbial activity generally increases with increasing temperature, yet, this 
simple relationship is confounded by many co-varying factors (Davidson and Janssens 2006), 
including the temperature sensitivity of different SOM fractions (Fierer et al. 2005, Fang et al. 2005), 
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soil moisture and aeration (Davidson and Janssens 2006), and allocation of plant C below ground 
(Högberg et al. 2001). 


CONCLUSIONS 


Organic carbon increased (p>0.05) in roots and soil of pea, but decreased (p>0.05) in roots and 
soil of barley under conditions of [25 °C/800 ppm], compared to that under conditions of 
[21 °C/400 ppm]. 


Microbial biomass carbon increased in soil of both plant species - microbial biomass carbon 
increased by 55% (p<0.05) in barley soil and by 40% (p<0.05) in pea soil under conditions of 
[25 °C/800 ppm]. 


Our results also suggested that there was no significant correlation between photosynthetic rate 
and below-ground processes. Although for photosynthetic rate, the differences between plant 
species and modified climate conditions were significant. 
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Abstract 

Modern technologies are a useful tool for recording and monitoring the ecological status of 
ecosystems. Riparian forests are at risk from intense human activities, pressure and diseases. The 
Platanus orientalis L. is a riparian forestry species that has, for years, withstood human pressure. 
However, in recent years it is in danger of extinction by Ceratocystis fimbriata f.sp. platani. There 
are records and worrying facts about the spread of the fungus, mainly in western Greece. 


Modern technology constitutes a key tool and can be used as an effective way of timely recording 
and dealing with existing and future interference of the Platanus at national level. The system 
combines innovative basic research into Urban Forestry and urban ecosystems by developing an 
integrated platform for data collection and decision making to optimally manage and protect the 
Platanus by visualizing and quantifying the problem of the proliferation. 


The aim of this paper is to present the electronic database DENDROLOGIO, as well as its first 
application in the recording of the spread of the post-chromatic ulcer of the Platanus orientalis L. in 
western Greece. 


Keywords: Riparian forests, Platanus orientalis L., Dendrologio, Ceratocystis fimbriata f.sp. platani 
Greece 


1. INTRODUCTION 


Monitoring of ecological parameters for all natural ecosystems is basic key tool for their rational 
management and immediate action on probable problem identification. Riparian forest ecosystems, 
while they are most dynamic ecosystems when operating naturally and unaffected, are at risk of 
intense human pressures [1, 2]. 


The use of modern technologies is a useful tool for monitoring the ecological status of riparian forests, 
identifying problems and pressures (biotic and abiotic), recording the extent of their degradation from 
human activities or possible disease outbreaks. A serious disease which is threatening to extinction 
riparian forests of plane tree is the pathogenic fungus Ceratocystis fimbriata f. sp.platani which creates 
the canker stain disease of the plane tree (a new destructive disease) and leads to the total kill of trees 
or groups of plane trees in rivers and streams of Greek territory [3]. Riparian forests of Platanus 
(habitats 92CO) are protected. 
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The Ceratocystis fimbriata f.sp. platani fungus is considered to be an indigenous species of North 
America and in the 1930s and 1940s it has taken great proportions in the states of the eastern coast of 
the USA [4]. In Europe, it was introduced during the Second World War when war material was 
transferred to plane wood boxes. The first European records of the fungus are made in Italy and 
France. At first it had observed in Greece in 2003 in Messenia prefecture (southwestern Peloponnese) 
in natural stands of the oriental plane as well as in ornamental plantings [4, 5]. In 2005 it is already 
recorded in the prefectures of Arkadia and Ilia [6], in 2010 it is first identified in Epirus [7], while in 
2014 it is located in Thessaly [8]. The transmission and spread of the disease is becoming through 
broken branches and trunks of affected trees transported from river water, with logging remnants 
which are transported miles away with cars, loggers and pruning tools, if disinfection is not properly 
disposed of in the outbreak. 


Here is coming the decisive role of modern technology to be the management tool for the recording 
of infected plane trees in order to capture the spread on the map and to take decisive measures to 
quarantine areas to slow down or even prevent the spread of the destructive fungus in nearby healthy 
plane forests. 


The organization of a sustainable and viable management of canker stain of the plane tree and the 
pilot application, are expected to provide a good practice for protection against necrosis of the plane 
trees, caused by the fungus Ceratocystis fimbriata f.sp. platani [9]. The pathogen only infects species 
of the plane tree and completely kills the atoms of the eastern plane tree (Platanus orientalis). It is 
the most destructive disease of the plane tree internationally and since it spreads mainly through 
contaminated tools, cross border cooperation is essential for the effective management of the disease. 


The deterioration of the natural environment will affect the natural as well as the cultural elements of 
Epirus which are associated with the tradition and history of the plane tree. The phenomena of 
extensive necrosis are expected to reduce the spread of the disease drastically and directly by creating 
incentives for protection through awareness campaigns. Similarly, the scientific monitoring/ 
management/ avoidance of these adverse effects by developing an innovative geographical 
monitoring system with specialized recording and monitoring methodology, will lead to the upgrade 
of services for immediate intervention and minimization of the pathogen transmission and spread of 
the disease. The combination of the above is expected to constitute solutions concerning the 
sustainability assurance of natural resources, the modernization of the two countries’ management 
with the EU requirements. 


2. COMMON PROBLEMS 


Common problem is the simultaneous necrosis of thousands of plane trees (Platanus orientalis) due 
to the appearance of the pathogenic and destructive fungus Ceratocystis fimbriata f.sp. platani, whose 
spread is likely to be caused by human activities in the extended plane tree forests of the crossborder 
region, including the use of contaminated tools and road construction machinery that played an 
important role in spreading the fungus. 

During the last two decades, the transnational cooperation that has taken place in the construction of 
road projects on the Greek-Albanian border, made it possible for the fungus to be easily transferred 
from one country to another with tools and road construction machinery, given that the pathogen was 
first identified in Epirus, in the Region of Ioannina and specifically in the Tiria River area, in a 
recreational area near the construction site of Egnatia Odos [10], while in Albania it was observed in 
the Region of Argirokastro, mainly along the highway. The spread of the pathogen is also caused by 
the transfer of infected wood, used as firewood. The economic crisis played an important role in this 
task, which has prompted many rural residents as well as urban inhabitants of the two regions, to use 
firewood for heating, often derived from smuggled logging [7]. In each infestation source, the 
pathogen is also spread underground from infested trees to adjacent healthy ones by the contact and 
anastomosis of their roots [11]. 
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This type of disease spread is very common in natural ecosystems of the plane tree along rivers and 
streams, where trees grow next to each other with their root system in contact. In rivers and streams, 
the fungus is spread downstream by logs and branches of infested dead trees, which are broken and 
transferred by the watercourse. Therefore, the spread of the disease from one country to another is 
given. In June 2014, symptoms and extensive mortality of plane trees was observed in various 
locations of the prefecture Gjirokastra in southern Albania. It should be recalled that in 2010, the 
presence of the infestation was reported in Epirus, which is very close to the border with Albania. 
Given that plane tree are species of rapid growth not only with great importance in the natural 
ecosystem, but also from an environmental, economic, social and aesthetic aspect (retention of floods, 
protection from torrent phenomena and damages due to water overflow, protection of arable riparian 
land from erosion, protection of riparian settlements and structures such as bridges, warehouses, barn 
facilities, irrigation networks, dams, fish-farming etc. outstanding beauty in the landscape, 
landscaping squares and recreational areas of forests). At the same time Platanus is creating 
exceptional environments (on the banks of river basins) and for health and recreation reasons (it is 
the place where outdoor activities are performed, such as rafting, kayak etc.). It constitutes a priority 
habitat for conservation in the European Union, since the species occurs only in the southern Balkans 
in such an extent, forming riparian forests, which in turn make a habitat for various species, such us 
chickadees, flycatchers, nuthatches, woodpeckers, etc., whose nests are in holes which created by 
native debranching of the species, which is something that does not happen so often in other types of 
trees. Plan tree has great historical and social significance since it is inextricably linked to popular 
tradition, monuments, squares of mountain settlements, thus becoming the most favorites and 
important species of local communities. 


2.1 The importance of the plane tree role in the economies of the Regions 

A common feature of both Regions is the significance of the plane tree in areas with tourism (e.g. 
Ioannina Lake, mountainous settlements, river ecosystems of international repute such as Voidomatis 
River etc.). Maintaining biodiversity of riparian ecosystems are comparative advantages of the 
regions that include them, and make up their identity, and are the basis for the development and 
promotion of the country's image, which is an element for tourist development recovery, with respect 
to the resources on the basis of which it is intended. The protection, conservation and enhancement 
of the aesthetic landscape are a concern and right of local communities, on the basis of which their 
identity is constructed. The change from necrosis of the plane trees brings about a deterioration of the 
historical continuity of the landscape that is now a major political priority, which emerges not only 
at regional and national level but also (primarily) locally. These elements concerning the pop culture, 
tradition and natural landscape are today the competitive advantage of local communities for many 
parts of the world, the pillar of maintaining their identity and their historical character as well as the 
pillar of the development policies for the utilization of this local resource, in terms of sustainability. 
The economy of culture and creation is a matter to be studied today in the international economics, 
while in many regions (both developed and emerging) it is located in the heart of the development of 
a growth strategy [12, 13]. 


2.2 Determining the size of the infestation 

The approach of the proposal seeks a solution to the phenomenon of the spread of Ceratocystis 
fimbriata f.sp. platani, through an innovative online GIS log open system of infested trees, as well as 
new recordings, for digital mapping of affected trees, with two quarantine zones under the existing 
Greek legislation, one within 100 m. (focal strike zone) and another one within 1000 m. (safety- 
quarantine zone). The maps are automatically posted on an Internet platform, which is combined with 
an offline field logger, that can be directly utilized for planning, prioritization and implementation of 
combat measures each year, for monitoring the rate of the pathogen spread, for evaluating the 
effectiveness of the mitigation measures in previous years with pilot implementation of solutions and 
for searching response methods and coordinating activities between the two countries. Since the 
increase in the number of dead plane trees will harm the local economy, we seek in combination, to 
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implement ways of improving decision-making methods for disease control areas, optimizing the 
effect by monitoring the progress and evolution of the disease after taking the appropriate measures, 
monitoring its natural spread rate for scripting the spread with the creation and implementation in 
practice, of innovative recording tools, monitoring and raising public awareness and services and 
methods of avoiding proliferation. An innovative approach of the proposal is the achievement of a 
display system of the recorded plane trees (there will be fields that will be completed, related to the 
mapping of health or infestation level, for each recording point) as well as the laboratory tests for 
improvement of the efficiency of the measures. The course or discontinuation of the spread will be 
monitored (risk management). 


2.3 Local population - Services - Synergies 

The program benefits the local population since the plane tree is inextricably linked to their history 
and tradition. A detailed description and recording of historical plane trees and their importance for 
local communities and areas of outstanding natural beauty filled with plane trees and plane tree forests 
in Greece. The Forest Services will encourage those responsible for decision-making to minimize 
forest fires. The building capacity in environmental management supports the reduction of the spread 
caused by anthropogenic factors that is mainly due to random actions, oversight and lack of disaster 
risk knowledge. By increasing awareness, joint integrated efforts are maximized. 


2.4 Development of an innovative log and recording system of infested trees 

The system and especially the web platform, it has to be noted that it consists of three subsystems; 
1.The subsystem (A), for storing information that basically constitutes the database of the system 
proposed. 2. The subsystem (B), for managing stored information, as recorded by the application. Via 
the subsystem (there are licensing levels), the user is given the opportunity to see the stored 
information, to process it and to delete it, the exact location, date of sampling, number of trees with 
symptoms, height and diameter, number of infested trees and possible causes of infestation, 
geographical coordinates etc. 3.The subsystem (B), or supervisory display subsystem of the 
recordings, concerning the representation of the recorded information, in text form and by positioning 
on a map. In subsystem (B) additional features are implemented, such as search, bulk import and 
export of the recorded information, as well as many other features needed, so as to meet additional 
requirements. In essence, it has the potential to include other data, according to specific needs (risk 
management). After the creation of the innovative GIS system that captures and records infested trees, 
training of those involved takes place as well as the provision of the appropriate hardware for the 
offline field logger. There is the possibility of changing the background maps (e.g. hydronomic maps, 
forest maps etc.) for risk management [14]. 


3. METHODOLOGY 


The online Database Support System (DSS), incorporates 3 information sub-systems: 
1. IT sub-system for the spatial registration and tree registration, 


2. IT sub-system for User Interface Design, 


3. IT sub-system for the online development 


Some additional functions of the online DSS is the geo-tagging, data search tool and spatial analysis 
tool. It is an open — source and fully customizable application. For the needs of the pilot version, two 
(2) zones were defined for each recorded point, that is an infeced tree, the first one of 100 meters, 
where the risk of attack is intense and the other one of 1000 meters, which also has a risk of spreading 
the disease, but reduced in comparison with that of 100 meters. 


In the first stage, sampling and data collection was performed in site using smart phones or tablets 
and then a spatial database was developed. The data collected in site were introduced into the database 
and within a GIS environment in Google maps and in satellite maps. Furthermore, the Main Online 
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DSS Structure and Info Flow is presented. The online DSS platform is created in Greek language to 
meet the needs of local Forest Units. 


4. RESULTS 


Its usage was able to disseminate authenticated information to the forest community about the health 
of trees in the specific FOREST UNIT that enabled the optimization of forest management with 
special care to the mitigation of the disease. Therefore, the georeferenced database will be used for 
integrated management of trees, Local sustainable development, sustainable use of natural resources 
and environmental protection. 


4.1 Main Online DSS Structure and Info Flow 

In Figure 1 is mentioned the structure and the flow information of the online DSS. In the home page 
the user can be informed about the online system and is also given an overview about the fungus that 
causes the disease of the metachromatic ulcer of the plane tree. There are, also, mentioned the 
symptoms of the infection of the plane trees and the spread of the disease. Moreover, responding to 
the disease and “FAQ” about the disease are in home page, too (Figure 2). 


WEBSITE structure 


a T 
E Ee EE ee eee ee 
| 
I l | l | 
[Sistemi | A [symptoms] A [aderessing 


Figure 1: Main Online DSS Structure and Info Flow 


Aaoapxeio lwavvivwv | dendrologio.gr 


OAOKANPWHEVO GUOTHUG NAEKTPOVIKNS SIGDIKTUAKNS XAPTOYPAIKNS ATTEIKOVIONS KAI KATAYpagr¢ TOU 


HETAXPWHATIKOU EAKOUG TOU TTAGTGVOU 


Apyxikn Xaptn¢ Katraypagn¢s Avazńtnon Extutrwon AmToTEAcOpáTwWV 


To Zdompa ZupnTepara - Aiáðoon Zuxvėç Epwniaeic Avnueróomaon me aoðėvziac 
To Zúotnpa 


TO OKETTTIKÓ ÖNLIOUPYÍAÇ TNG ÖIAÖIKTUAKÁÇ TAATPŐPHAÇ ATEIKŐVIONÇ Kal KATAYPAPÁÇ TOU HETAXPWHATIKOÚ ÉAKOUÇ TOU TTÀATÉVOU 


Tnv ev8úvn yia Tov éàeyyo Kal TH SlaTHPHON TH¢ Taviðaç Kal xAwpiðaç TNV Exel TO Tuńpa Tou Aaoapyeiou lwavvivwy. To petaxpwpaTtikó ÉAKOÇ TOU TTAaTÁVOU Ta TeAeUTaia xpovia ÉXEI KaTaOTe! ETIONLIG 


Figure 2: Homepage ain Online DSS Structure and Info Flow 


4.2 Record Map 

The platform incorporates a RECORD MAP, a visual database with spatial geographic location 
information, including data on healthy and infected trees in the Forest Unit of Ioannina, in Epirus 
Region in North-West Greece. 

The default is GoogleMap though there is the option of viewing Bing Map, with appropriate color 
indication that suggests their health. Greek Cadastre maps can also be launched. The quarantine zones 
are illustrated within a radius of 100m and 1km-with red and yellow color respectively -of the affected 
plane trees so as to take the appropriate measures to prevent the spread of the disease (Figure 3). 


830 


Protection and restoration of the environment XIV 


Additional information registered for each tree appears by clicking the left mouse button on the 
desired tree. With info about sampling and check of the tree, Lab, location, tree type, disease type, 
results, date, name of employee, sampling protocol no, etc (Figure 4). 


4.3 Searching 

An infected plane tree of Multiple criteria or combination of them can be used for the online search, 
such as: Date of sampling, Name of employee, Sampling Protocol no, Type of tree. Moreover, users 
can even type the entire or part of the search criterion (Figure 5). This results in a view with 
information and map as in Figure 4. 


Yzropvynpa 


e. Yyuic mhatavog 

9. TlpooPeBAnppévos mhatavoc 
: Zavn xapavtivas lyy 

@ Zavn xapavtivas 100 


Xapms¢ Aopupdpoc 


Katnyopia:®uaiky BAGoTHON 
Oéon:«Mixaditor 1» 

“Extaon dievépyeiac ehéyyou: 
Apiðpóç putwv trou dievepyrOnke o EAeyxoc:1 
Apiðpóç puTúv pe cupTTMpaTa:T 

Hyepopnvia SerypatoAnwiac:04-08-2015 
Apiðpóç TpwrokdAAou: 

Hyepopnvia TpwroKdAAou: 

Api6udc mpooBeBAnupévu.0 

Nepioadtepec mànpogopieç X 
«| i J 


Figure 3: RECORD MAP. Here are mentioned the quarantine zones 


m 


4.4 Filtering and Printing 

The user can print part of the map or the entire map while the blue dots correspond to the affected 
plane trees and the yellow zone around them have a radius of 1 km (Figure 6). The user can choose 
how to view the affected plane trees by setting a specific date (Filter Results), and adjust the 
brightness of the yellow zone for printing purposes (Select transparency). After that, user decides on 
the desired print view (e.g. launch Cadastre maps) by pressing the left mouse button on "Print Map", 
the map is printed on the default printer. Furthermore, the user has the opportunity to save the map in 
.pdf formation and download the default location. Alternatively, a snapshot of the map can be saved 
by print screen (PrtSckey). 


4.5 Input process and Input Forms 

In order to insert a new plane tree in the system, user authentication is required via a Username and 
Password (Figure 7). 

The user fills in the form fields that are presented (Picture 8). If any or some fields remain blank, the 
plane tree will be accepted by the system. The sampling date is selected by default as the registration 
date. If the plane tree to be inserted is healthy, the value added in the field "AffectedNumber" is "0". 
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NAnpo@opiec Xaptns 


Ovopa emionpou eyaotnpiou:Epyaoripio Aaoirýç NaBoAoyiac-IMAO&TAN 


+ 
Be 


Š 39°33'36.7"N 21°03'15.4"E 
EmBAaßńç opyaviopóç Ceratocystis platani 


Kwöikóç öeiypatoç:PL18 04082015 
s VH! s L NpoBody yeyanuTe 


EiS0¢ putou:Platanus orientalis 
Xwpa:EAAGOa 

Katnyopia @uTov:Oucikh BAGoTHON 
Nopéc:lwavvivwy 

Oéon:«MiyaAito 1» 

ApiBpóç puTwWV oe ápeon yerrviaon (2010-2012): 
“Extaon dievépyeiac eAéyyou: 

Api®y6c puTwv Trou SievepynOnke o EAcyyoc:1 q 


Api®@y6¢ puTwWy pe CUPTTTWPOTA:) 
Freshberry 


Hyepounvia SeryparoAnwiac.04-08-2015 Hiag a 


Yrmnpegia SerypatoAnwiac-Aacapyeio lwavvivwv 
ThAépwvo 

Fax:26510 88089 

Email:dasioan@apdhp-dm.gov.gr 
OVvopaTEeTTWVUPO SeryparoAntrn:ZTupioovAd ZÓN 


ApIBpÓÇ TrpwroKeAAou: 


Figure 4: Tree Info window of DENDROLOGIO.gr 
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Hyepopnvia SeryparoAnwiag: 17/08/2015 

Yimnpecia SeryparoAnwiag: Aacapyeio lwavvivwy 
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Figure 5: Search window 
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Figure 6: Filtering and Printing Results 


User account 


Request new password 


Password * 


Figure 7: Input process 
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Epyaom pio Soomi NoBahoyioç IMSO&TAN 


Figure 8: Input Forms 


4.6 Placing the trees on the map 

Regarding the placement of the new plane tree on the map, it is achieved by pressing the left mouse 
button on the map point where the plane tree is located, a red indicator is shown at that point while 
its longitude and latitude are automatically inserted in the corresponding fields of the form. Finally, 
the new tree is recorded in the system by pressing the left mouse button on the «Save»option (at the 
bottom left of the form) (Figure 9). 


dertz Car Rental 
Google Ş 
Latitude 39.65618071599663 


Longitude 20.85158944129944 
Figure 9: Placing on the Map 
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Abstract 

Isotope mass balance was performed based on 10 eastern Mediterranean stations from International 
Atomic Energy Agency - World Meteorological Organization TAEA-WMO) precipitation network. 
Theoretical lake water isotope values were calculated and compared with measured lake water isotope 
values from literature data corresponding to different hydrological types of lake systems in the eastern 
Mediterranean. It is concluded that isotope limnology theory corresponds well to different lake water 
systems. 57H/5!8O ratio is a robust index to monitor the response of lake systems to climate variations. 
We can estimate the 5°H/5'%O ratio for lake systems with different topographical and hydrological 
characteristics and compare it with the theoretical values that came up for the eastern Mediterranean 
lakes resulting in conclusions about the intensification or recession of evaporation process. So, the 
5°H/5!80 ratio of measured data in lake systems is a quantitative method to estimate climate change 
impact to lake systems. Isotope mass balance model unshackles us from the narrow grid-cell station 
density to satisfy the monitoring goal and facilitates the study of lake systems in a larger spatial scale. 


Keywords: Isotope mass balance model, lakes, Mediterranean, climate change 
1. INTRODUCTION 


It has been well documented that Mediterranean area is strongly affected by climate change (Kelley 
et al., 2012; Lelieveld et al., 2012). Several climate models end up to higher annual temperatures, 
lower annual precipitation, sea level rise and intensity of extreme events (Mariotti et al., 2008; Seager 
et al., 2014). In more detail, according to the IPPC reports 2013, mean temperature increase for the 
period 2080-2100 is estimated about 2.2-5.1°C, while the decrease in mean annual precipitation is 
estimated about 4-27%. What we stressed above all is that the most important issue is the increase of 
interannual variability both for temperature and for precipitation (Giorgi 2006). Water cycle expresses 
the circulation of water phases (liquid, solid, vapor) in climate system. Consequently, this climate 
variation, in turn, affects the hydrologic response of Mediterranean basins, where, the seasonality and 
the complex morphology are principal features (Hoerling et al., 2012). However, the alteration in 
hydrological balance could have a direct impact both in safe living and economic activities. Extensive 
droughts or floods increase the risk of extensive disasters. On the other hand, especially in southern 
Mediterranean countries where their economic base is made up by the two pillars of agriculture and 
tourism, any disruption to potential evapotranspiration and deficiency in water resources results in 
several implications on their economic model. This article is focused on lake systems. Well defined 
lake systems give the opportunity to assess climate variation as 1) they are worldwide representing 
different climate conditions (temperature, precipitation, moisture), geographic location (north, south), 
hydrology systems (open, closed, semi-closed), water types (fresh/sea water or mixing processes), 2) 
the response in long-term intervals including records of hydrologic extremes, 3) they are directly 
linked to climate variations incorporating the climate-driven episodes of their basins. The question 
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arises as to whether we can model the lake response to climate variation given the first comment 
about their diversity in many factors. Water mass balance in lake systems is strongly correlated with 
several climatic factors such as temperature, evaporation, precipitation and air moisture. Distribution 
of precipitation, surface and groundwater circulation pattern related to their hydrological type while 
continental relief define the ratio that a basin is exposed to the wind patterns. As climate change 
warms the atmosphere and intervenes in water cycle, water mass balance in lake systems give the 
opportunity to model and quantify the response of large watersheds to climate variation. However, 
water mass balance requires a narrow grid-cell station density to satisfy the monitoring goal of 
quantification of lake system responses to climate variation. An excellent tool for this attempt is the 
combination of water mass balance with isotope hydrology. Stable isotopes of oxygen ('8O) and 
deuterium (7H) in water molecule constitute ideal traces for water cycle in large spatial and temporal 
scale. Limnological isotope theory (Leng and Marshall, 2004; Roberts et al., 2008) is based on 
climatic factors and precipitation-evaporation balance (P/E) for the two hydrological conditions of a 
lake: open and closed systems. In case of hydrological open lakes, the origin of precipitation and 
temperature oscillations determine the isotopic signature of lake water instant of the precipitation- 
evaporation balance (P/E) that is the key factor for hydrological closed lakes. The main objective of 
the study is to compare measured isotope values of different hydrological lake systems with 
calculated values based on isotope limnology theory aiming to conclude to a tool that will facilitate 
us to monitor and quantify the response of lake systems in climate variation. This attempt was earthed 
on east Mediterranean area where Greece belongs. 


2. MATERIAL AND METHODS 


2.1 Isotope hydrology model for lake systems 
The isotopic mass balance (eq. 2) is based on the water mass balance (eq. 1) for a well-mixed lake 
with constant water density: 


dV/dt = P + Qi -E - Qo (1) 
d(VòL)/dt = Pop + Qidp — EðE - QoðL (2) 


where: V and t, are the lake volume and unit time. P and E are precipitation and evaporation on lake 
surface per unit time. 

Q factor is calculated by the surface and groundwater budget (Qx=Sx+Gx), where o and i markers 
correspond to outflow and inflow respectively. The isotope values of precipitation, evaporation and 
lake water are induced by op, dg and dr respectively. The results are expressed in standard delta 
notation (ò) as per mil (%o) deviation from the standard V-SMOW as: 

ò= ((Rsample F Rstandara )/ Rstandara) x 1000, where Rsample and Rstandard = °H/ 'H or 180/ 160 

of sample and standard, respectively. dp and ðL are directly measurable on a water sample however it 
is not as easy for dg. Craig and Gordon (1965) reported an evaporation model that is used to calculate 
dr (eq. 3): 


dp=(a*di-hda-e)/(1-ht+x) (3) 
where, 

h: relative humidity normalized to the saturation vapor pressure at the temperature of the air-water 
interface 

da: the isotopic value of the air-vapor over the lake 


ex: kinetic fraction factor, for 5'°O with e.~14.2(1-h) %o (Gonfiantini 1986) 


e=e"+ sk, where *=1000(1-a*) 
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a*: equilibrium isotopic fractionation factor dependent on the temperature at the evaporating surface 


'8Q: 1/a* = exp(1137TL? — 0.415 Ty! — 2.0667*10° (4) 
?H: 1/a* = exp(24844T.? — 76.248 Ty! — 52.61*10° (5) 


TL: temperature of the lake surface water in degrees Kelvin (Majoube 1971) 


Eq. 5 describes an additional equation for dg as proposed by Benson and White (1994) based on the 
same evaporation theory which has been used in other lake models (Ricketts and Johnson 1996). 


Re=[(RL/aeq) - (RH fadRaa)]/[(1-RH)/akin) + RHC -faa)] (6) 


where, 

Raa: isotope ratio of the free atmospheric water vapor with respect to VSMOW, 

RH: relative humidity, and 

Qeq: fractionation factor dependent on equilibrium isotopic fractionation factor with Oeq=(1/a*) 

kin: fractionation factor dependent on wind speed where oxin=0.994 for wind speeds less than 6.8 
m*s"! (Merlivat and Jouzel, 1979) 

faa: fraction of atmospheric water vapor in the boundary layer over the lake where faa=0 in case that 
all the atmospheric water overlying the lake is derived from evaporation, rather than atmospheric 
moisture. 

Finally, dg is calculated by 8:=(Ri-1)10° and Ri=(Ri/Rstandara) Where R is the isotope ratio and the 
standard, in this case, is VSMOW. 


2.2 Methodology 

The higher precipitation recharge in Greece found in the western part of Greece with the contribution 
of orographic injections of Pindos Mountains and the mountains of the Peloponnese. Eastern Aegean 
comes second where the complex topography and the warm Aegean Sea result in a considerable 
precipitation recharge. These significant precipitation amounts attributed to the depressions of 
Atlantic or western and central Mediterranean origin that enter Greece on the west during their 
eastwards route generating south-southwest wind over the Ionian Sea and southern Greece resulting 
in reduced precipitation recharge in Central Greece. Also, Sahara depression contributes to significant 
seasonal precipitation amounts (Flocas and Giles, 1991). Literature oxygen and deuterium data from 
lake water samples in the eastern Mediterranean were collected (Table 1). The rule was to cover all 
the hydrological types of lake systems in a spatial scale. Detailed, Sawa, Koronia and Pikrolimni 
lakes considered rather closed systems where evaporation process predominates to their isotopic 
signature contrary to Yliki and Paralimni lakes where key factors are seasonality and precipitation 
origin. Doirani, Prespa and Ohrid Lakes sit within karstified basins while Ismarida Lake is 
characterized by fresh-sea water mixing process. 


Table 1: Lake sites that correspond to different altitudes and hydrological types 
Lake Sites 580, %o VSMOW ô’ H %o VSMOW Reference 


Mygdonia -Basin (Volyi -6.6 to -4.8 %o -49 to -38.5 %o Chantzi et al., 2016 
and Koronia Lakes) 


Ismarida Lake Gemitzi et al., 2014 
Pikrolomni Lake Dotsika et al., 2012 
Prespa and Ohrid Lakes Eftimi et al., 2007 
Dojran Lake Griggiths et al. 2002a 


pals: Pasin: (Yki and -7.2 to -5.9 %o -49.7 to -38.3 %o Griggiths et al. 2002b 
Paralimni Lakes) 

Sawa Fake. akea, 2.5 to 5.9 %o 28.3 to 29.8 %o Ali et al., 2016 
southern Iraq 
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The main incoming air flow pattern in Mediterranean area is controlled by the Atlantic Ocean through 
the Iberian Peninsula or France (for the western Mediterranean) or from the European continent (for 
the eastern Mediterranean). So, the isotope value of the air-vapor over the lake from advecting air 
masses could be calculated using the available data from the International Atomic Energy Agency - 
World Meteorological Organization (IAEA-WMO) precipitation network [[AEA, 2017] for the 
southern European stations assuming the isotopic equilibrium between precipitation and the air 
moisture over the continent (Gat et al., 1996). Theoretical isotope values for lake waters that 
correspond to east Mediterranean area were conducted by 10 stations of the Global Network of 
Isotopes in Precipitation (GNIP) IAEA/WMO, 2017). Selected stations distributed in the north-south 
direction in the eastern Mediterranean area and around it (Table 2). The prerequisite to select a station 
was at least 5-year data for isotope value of precipitation, d-excess, temperature and average vapor 
pressure. Although Thessaloniki station had available data only for 4 years it was decided to use it, 
as this station was one of the two available in north Greece with a larger data set than Alexandroupoli 
station (3 years). In these scenarios, we assume that isotopic signature of waters that enters the lake 
correspond to that of precipitation stations. Moreover, isotope values for lake waters that correspond 
to east Mediterranean Sea water were calculated, based on Gat et al, 1996 primarily data, as 
evaporation process of land-locked Mediterranean Sea participate in isotopic signature of vapors. 


Table 2: Selected stations of the Global Network of Isotopes in Precipitation (GNIP) 
(IAEA/WMO, 2017) for the east Mediterranean 


IAEA stations Coordinates 
Elliniko Athens, Greece 37°53 0 'N, 23°43 47.99 E 
Pedeli Athens, Greece 38°3 0.39 N, 23°52 0.03 E 
Thissio Athens, Greece 37°58 11.99 N, 23°43 11.99 E 
Thessaloniki, Greece 40°40 12 N, 22°57 36 E 
Irakleio, Greece 35°19 47.99 N, 25°10 47.99 E 
Rhodes, Greece 36°22 48 N, 28°60 E 
Patra, Greece 36°16 48 N, 21°47 23.99 E 
Zagreb, Croatia 45°48 24 N, 15°58 12 E 
Edirne, Turkey 41°40 41 N, 26°33 33 E 
Ramnicu Valcea, Romania 45°27 N, 249173 E 

Bet Dagan, Israel 315°59 50.29 N, 34°48 58.17 E 


Based on monthly data mean hydro-year values were estimated and then the mean values for the 
given time series for each station (Table 3). The calculated mean air temperature corresponded to 
lake surface temperatures. Relative humidity calculated as py/pws 100% where pw: vapor partial 
pressure given by IAEA/WMO, 2017 data, and pws: saturation vapor partial pressure at the actual dry 
bulb temperature (Engineering ToolBox, 2004). Both h and RH have the same values % in Eq. 3 and 
Eq. 6. It is assumed that mean wind spread is less than 6.8 ms"! for the eastern Mediterranean so such 
that Oxkin is constant. a= dp-e* according to Gibson et al. (1999). Evaporation calculated by the 
proposed equation of Penman (1948) which is simplified by Linacre (1992): 


E(mm/day) = [0.015 + 4x10 Ta+106z] x [480(Ta+0.006z)/(84-A)-40+2.3u(To-Ta)] (7) 


where 

Ta: air temperature (°C), 
z: altitude (m), 

A: latitude 
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Table 3: Summary of average annual hydro-climate factors for the IAEA sites (data from 


GNIP (IAEA/WMO, 2004)). 
P E Tay òOp%o ôH% Altitude RH OT T 
(mm/yr) (mm/yr) (C) VSMOW VSMOW (mas) (%) = 
Pig, 388 1998 18 -6.05 -33.04 19 61 1610 14.96 
Athens 
Pedeli 561 1897 15.2 -7.48 -44.85 451 71 1336 14.98 
Athens 
Phissig 433 2296 18.6 -6.42 -37.18 105 63 1863 14.26 
Athens 
aa 335 1949 16 -6.69 -44.48 93 71 1614 9.03 
Irakleio 495 1917 189 724 -39.20 54 67 1422 18.69 
Rhodes 760 2027 18.8 -5.27 -25.70 65 68 1267 14.94 
Patra 734 2110 #181 -5.78 -35.00 112 65 1376 10.99 
Zagreb, 862 1271 11.9  -8.70 -61.15 123 75 409 8.51 
Croatia 
Edime; 632 1669 15 -8.24 -54.36 80 71 1036 11.58 
Turkey 
Ramnicu 
Valcea, 755 812 11.8 -8.09 -57.72 220 86 57 7.00 
Romania 
Bet 
Dagan, 536 1792 19.3 -5.15 -23.44 44.9 71 1257 18.64 
Israel 
PINa 25.2 -6.42 -43.70 0 46 
Sea Water 16 -12.19 -88.80 0 30 


a 


a: Gat et al., 1996 
3. RESULTS AND DISCUSSION 


The isotopic signature of Mediterranean lakes presents a high variation as different climatic factors 
affect them (season, humidity, temperature) in the north-south direction. Their topographical and 
hydrological regime define the rule under which these climate factors affect lake systems. The 
character of Mediterranean lakes lies between temperate Europe and North Africa. So, we are 
witnesses in lakes with fresh water and short residence-time and 5!*Oy values close to those of 
precipitation and hydrological closed lakes where evaporation process prevails. 

In a stable climatic and geomorphological environment, the lake system will be described as constant: 


d(Vz)/dt = 0 (8) 
dV/dt = 0 (9) 


In a steady state, there are two border hydrological conditions that correspond to the lake system. The 
first concerns closed lakes where theoretically there are no outflows. In this case Qo=0 and according 
to Eq. 2 and eq.8 the isotope mass balance will be: 


Pdp + Qidp=ESE (10) 


which means that de~dp. On the other hand, we have hydrological open lakes where theoretically we 
have a continuous flow system without evaporation losses E=0: 
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Pdp + Qidp = QoSL (11) 
which means that dL~6p. 


Calculated lake water isotope values 51 (5'8O and 8H) for hydrological closed lakes presented in 
Tables 4 and 5 according to eq.3 and eq.6. Based on (eq.3) 8!ŝOL values range from -6.76%o to - 
2.17%0 VSMOW and 87HL values from -63.98%o to -29.51%0 VSMOW. Based on (eq.6) we have two 
conditions: a) faa=0 where 5'8O, values range from 3.17%o to 6.52%o VSMOW and 57HL values from 
-73.12%o to -43.88%o0 VSMOW, b) faa=1 where 5'8Ox values range from -5.92%o to 0.07%0 VSMOW 
and ôH values from -62.40%bo to -27.77%0 VSMOW. The above equations applied for precipitation 
data over Mediterranean Sea water stations. For eq.3 mean ô!ŝOL and 5°Hr values were -2.27%o 
VSMOW and -56.85%o VSMOW respectively. For eq.6 mean 5!8Oy and 57H_ values were 5.64%bo 
VSMOW and -50.75%o VSMOW respectively for fa=0 while fa=1 mean 5!8O; and 57HL values were 
1.55%0 VSMOW and -53.03%0 VSMOW respectively. The hydrological status of an open lake is 
described by 5!8O; and 57Hr data that are equal to precipitation data. In practical terms, that means a 
range for lake water values from -8.7 to -5.27%o VSMOW for 8'8Ox and from -61.15 to -25.70%bo 
VSMOW for Hı. Mean 5!%O; and 5’Hr values from precipitation samples over Mediterranean Sea 
water were about -9.3%0 VSMOW and -66.25%0 VSMOW respectively for open lake systems. 


Table 4: Calculated values of ô!ŝO L and 67H x using eq. (10), eq. (3) and eq. (6) for 
hydrologically closed lakes 


eq. 3 
faa=0 faa=1 

5'0n | 580. | He 580, | 880. | SHa | 8H. |o | SH 
ee -33.04 | -51.36 | -15.91 -11.37 | -38.32 -40.7 
Pedeli Athens -44.85 | -60.48 | -17.59 -26.44 -4.65 | -49.4 
a -37.18 | -56.08 | -16.24 -14.89 | -42.29 | -2.86 | -44.57 
Thessaloniki | -6.69 | 5.16 | -44.48 | -60.98 | -16.73 | -2.01 -47.53 | -3.81 | -49.37 
Irakleio -58.62 | -17.03 16.52 | 43.82 -45.89 
Rhodes -45.31 | -15.08 30.36 | 2.17 | -3232 
Zagreb, -61.15 | -73.12 | -19.12 | -4.72 | -46.74 -6.23 | -63.98 
Croatia 
Bdirne, -8.24 | 3.66 | -54.36 | -69.62 | -18.37 | -3.63 | -36.19 | -56.91 | -5.4 | -58.74 
Turkey 
Ramnicu 
Valcea, -8.09 | 3.17 | -57.72 | -70.31 | -18.51 | -5.92 | -43.35 | -58.07 | -6.76 | -58.94 
Romania 
ae Dagan, -23.44 | -43.88 | -14.91 | -0.61 -27.77 | -2.38 | -29.51 
Sea Water ° -15.69 | 1.76 -45.47 -48.77 
Sea Water ° -50.89 | -22.23 9.46 F062 DE -64.93 
Mean sw | |56| |50|  |iss| [530 | 2.27 |-5685 


a: Gat et al., 1996 


According to oxygen isotope 5!°O literature data, Ismarida and Pikrolimni lakes (Table 1) exhibit the 
higher variation in isotope values. This range corresponds to eq. 6 for faa=0, were atmospheric water 
vapor in the boundary layer over the lake derive by evaporation, for periods with low water-table and 
eq.3 for periods with high water-table. This observation is totally agreed with the hydrological status 
of both lakes. Ismarida lake suffers by fresh-seawater mixing process, especially in summer period 
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where the meteoric load is reduced (Gemitzi et al., 2014). Pikrolimni lake corresponds to a 
hydrological closed system where the extensive evaporation in summer period defines lake water 
isotope values (Dotsika et al., 2012). Mygdonia and Kopais basins present lake water isotope values 
that correspond better to eq.3 and eq.6 for faa=1 where atmospheric water vapor in the boundary layer 
over the lake derives from atmospheric moisture. Detailed, in Mygdonia basin, Koronia lake exhibits 
enrichened 8!°O value (-4.8%0 VSMOW) compared to that of Volvi lake (-6.6%0 VSMOW) (Chantzi 
et al., 2016). Chantzi (2016) reported that a) groundwaters in Mygdonia basin do not present a long 
retention time in underground aquifers exhibiting water isotope values close to that of precipitation 
and b) they are in hydraulic communication with surface lake water. 5°H/5!8O ratio for both lakes 
reflect evaporation processes in their reservoir depending on the seasonality of atmospheric moisture. 
Regarding, Kopais basin, Yliki and Paralimni lakes sit within a karstified basin. Karst systems are 
more buffered hydrological and consequently less sensitive to evaporation effect (Roberts et al., 
2008). Therefore, it is completely expected that in Kopais basin isotope values of lake waters will be 
sensitive to atmospheric moisture with respect to seasonality. Indeed, Griggiths et al., 2002b reported 
the limited degree of evaporative concentration of the modern lake waters in Kopais basin. Moreover, 
Doirani, Prespa and Ohrid Lakes sit also within karstified basins. Prespa and Ohrid Lakes present 
oxygen isotope values more enriched than those from Kopais basin though they are also described by 
eqs. 3 and 6 for faa=1. Doirani lake exhibits much more enriched oxygen isotope values which meet 
better eq. 6 for faaz=O. This agrees with the conclusions by Griggiths et al., 2002a for evaporated lake 
water according to modern precipitation data and the extent aridity in Doirani Lake (Ristevski, 1991). 
Finally, Sawa lake with oxygen isotope values between 2.5 to 5.9 %o VSMOW corresponds better to 
eq. 6 for faa=O0 confirming its closed hydrological status that suffers by prolonged evaporation losses 
as Ali et al., 2016 reported. Based on the aforementioned, it seems that eq. 6 for faa=1 meet better the 
measured isotope values in east Mediterranean lake waters. On the other hand, eq. 6 for faa=0 is more 
realistic for lake systems that suffer by extensive evaporation and/or fresh-seawater mixing processes. 
It should be emphasized that the faa fraction of atmospheric water vapor in the boundary layer over 
the lake with values faa=O and faa=1 reflect the origins of atmospheric water overlying the lake: 
evaporation and atmospheric moisture respectively. In fact, the actual mechanism over lake surface 
is a continuous refresh where the air above the lake constantly supplies the evaporation process 
permitting molecules to pass from the liquid to vapor phase and come away from the lake surface 
(Tanny and Cohen, 2006). Without this supply, the evaporation would have stopped. The fact that eq. 
6 includes the boundary conditions of the above mechanism with faa factor explains why eq. 6 satisfies 
the large variations of the measured lake water isotope values according to literature data. As 
previously reported, the isotopic character of Mediterranean precipitation varies depending on the 
origin of the air masses and their interaction with the warm Mediterranean. North-east Europe air 
masses result in depleted water isotopes while the Atlantic Ocean to less depleted (Rindsberger et al., 
1983). After their interaction with warmer Mediterranean Sea waters (Gat et al., 1996), the 
topography in each lake basin determines the extent to which the basin is exposed to the dominant 
wind patterns. Finally, eq. 3 corresponds better to the period with high water-table as it cannot render 
accurately the evaporation process. 

It is concluded that average values from eq. 3 and eq. 6, for both origins of atmospheric water 
overlying the lake, are the modeled lake water isotope values for closed hydrological lake systems in 
the eastern Mediterranean area. Figure | displays literature data of measured lake water isotope values 
in the eastern Mediterranean and the calculated data according to limnological isotope theory. It 
should be underlined that calculated deuterium isotope data 57H for lake waters do not present large 
variation with respect to precipitation data (Table 5). Ozaydin et al., 2001 reported that deuterium 
mass balance does not correspond well to sub-basin inflow and outflow load. Gat et al., 1996 reported 
the constant deuterium sea water values with respect to salinity and oxygen isotopes in measured 
samples in several Mediterranean Sea stations. He attributed this observation to the mixing process 
between the isotopically depleted north European precipitation values with enriched Mediterranean 
vapors. Subsequently, it is evident the large discrimination of d-excess between measured and 
modeled isotope values (Figure 1). This large deuterium excess corresponds to the theoretical static 
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model for the estimation of lake water isotope values under the evaporation process only in closed 
lake systems. Greater d-excess attributed to air masses in continental areas, due to extensive seawater 
evaporation under moisture deficit (Gat and Carmi, 1970; Gat et al., 2003). Actually, d-excess is 
linked to physical conditions such as moisture, air and sea surface temperature of the oceanic origin 
and reflect the dominant conditions in interaction and mixing process as sea water air masses move 
to precipitation site (Merlivat and Jouzel, 1979). It is a parameter that affected by kinetic fractionation 
process which depends on moisture source areas (oceanic evaporation), cloud (condensation in 
supersaturation conditions) and sub-cloud layer (re-evaporation of falling raindrops, moisture 
exchange with ambient air). Detailed, Mediterranean Sea discriminates against open oceans as it is 
surrounded by continental areas with considerable freshwater run-off. The evaporation process is 
affected by continental air flow pattern that originates from isotopically depleted north Europe 
precipitation. This interaction between sea and continental air masses results in the large deuterium 
excess that characterizes the Mediterranean Sea. Generally, in eastern Mediterranean d-excess has 
been reported between 15%o (Gat and Dansgaard, 1972; Bowen and Revenaugh, 2003) and 22% (Gat 
and Carmi, 1970). So, the moisture recycling and mixing during a precipitation event define the 
isotopic signature of vapor in the cloud and sub-cloud layers mainly throughout a convective event 
[Bony et al., 2008]. This process covers the distance between measure isotope values from literature 
data and calculated isotope values for lake waters (Figure 1). 


60 +SW 
© Literature Lake Water Data 
© Modeled Lake Water Data 
AIAEA Precipitation Data 

40 evsmMow 


y =5.4x - 7.808 
R? = 0.94 


y = 5.9x - 48.217 
R? = 0.85 


fo VSMOW 


*H % 


50 % VSMOW 


Figure 1. Deuterium (67H%0 VSMOW) and oxygen (6'0%o VSMOW) isotope values that 
correspond to measured values from literature data and calculated values from Global 
Network of Isotopes in Precipitation (GNIP) (IAEA/WMO, 2017) for the east Mediterranean: 
Eastern Mediterranean Meteoric Water Line 67H=86!°O+22 (International Atomic Energy 
Agency, IAEA, 2001; Bowen and Revenaugh, 2003; Aouad et al., 2004); Local Meteoric Water 
Line 67H=8.75'°0+19.5 (Dotsika et al., 2010; Global Meteoric Water Line 67H=86!80+10 
(Craig,H.,1961). 


Lakes with measured isotope data present 57H/8!%O ratio about 5.4 while those that their isotope 
values estimated by isotope mass balance present 87H/5!°O ratio about 5.9. Both ratios are similar 
with strong correlation factor. We should note that 8&°H/8!80 ratio of calculated values describes only 
hydrological closed lake systems. It is a moderate mean theoretical ratio for closed eastern 
Mediterranean lake systems considering both equilibrium and kinetic fractionation factors under the 
evaporation process. However, the 57H/8!80 ratio is a key factor for theoretical values. Literature data 
5°H/5!80 ratio is lower than that of calculated data. This is because literature data include Ismarida 
lake that is characterized by the fresh-seawater process, mainly in summer. Isolating Ismarida lake 
the 8°H/5'8O ratio becomes 5.6 closer to the theoretical ratio for continental lake systems. 
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Furthermore, Gat et al., 1996 performed a large sample collection on shipboard in several 
Mediterranean Sea stations resulting in water isotope data of Mediterranean Sea water and 
precipitation in these stations. Using precipitation data, we calculated lake water values that better 
response to coastal and transitional systems. Considering these calculated values, the theoretical 
5°H/5'8O ratio becomes 5.1 closer to measured values when we consider Ismarida lake. Moreover 
Gat et al., 1996 reported the slope of Local Evaporation Line (MLEL) for the eastern Mediterranean 
Sea about 4.3. 8°H/8!°O ratio for precipitation data is about 8.0 (Mediterranean Meteoric Water Line 
to 8.7 (Local Meteoric Water Line). Therefore, we conclude that 7H/5!%0 ratio is a robust index to 
monitor the response of lake systems to climate events. Based on the topographical and hydrological 
characteristics of lake systems we can estimate the 5°H/5!°O ratio and compare it with the theoretical 
values estimated for the eastern Mediterranean lakes resulting in conclusions about the intensification 
or recession of evaporation process. So, the 57H/5!%O ratio of measured data in lake systems is a 
quantitative method to estimate climate change impact to lake systems. 


4. CONCLUSIONS 


The main objective of present work was to quantify the response of lake systems in climate variation 
based on isotope mass balance. It is concluded that isotope limnology theory corresponds well to 
different lake water systems. Eq. 6 for faa=1 meet better the measured isotope values in east 
Mediterranean lake waters. On the other hand, eq. 6 for faa=0 is more realistic for lake systems that 
suffer by extensive evaporation and/or fresh-seawater mixing process. The different faa=0,1 
fractionation factors characterize the origin of atmospheric water vapor in the boundary layer over 
the lake (evaporation and atmospheric moisture). In fact, the actual mechanism is a continuous refresh 
where the air above the lake constantly supplies the evaporation process permitting molecules to pass 
from the liquid to vapor phase and come away from the lake surface. The fact that eq. 6 includes the 
above mechanism explains why eq. 6 responds successfully to lake water isotope values covering a 
large range of eastern Mediterranean lake systems. Moreover eq. 3 corresponds better to the period 
with high water-table as it cannot render accurately the evaporation process. Lakes with measured 
isotope data present 5°H/5!80 ratio about 5.4 while those that their isotope values estimated by isotope 
mass balance present 5°H/5'80 ratio about 5.9. Both ratios are similar with strong correlation factor. 
The 57H/8!°O ratio for theoretical values represents hydrological closed systems in the continental 
eastern Mediterranean area where isotopically depleted north Europe precipitation events and air 
masses from seawater interact. Measured lake water values present a 5°H/8!80 ratio about 5.4, lower 
than that of calculated. This is because it includes different hydrological systems. Isolating Ismarida 
lake as it suffers by fresh-seawater mixing process, then 5°H/5'8O ratio becomes 5.6 closer to the 
theoretical ratio for continental lake systems. Considering calculated values for lake waters based on 
precipitation data in several stations in the Mediterranean Sea, the theoretical &H/8!80 ratio becomes 
5.1 closer to measured values when we consider Ismarida lake. Moreover Gat et al., 1996 reported 
the slope of Local Evaporation Line (MLEL) for the eastern Mediterranean Sea about 4.3. 5°H/5'8O 
ratio for precipitation data is about 8.0 (MMWL) to 8.7 (LMWL). Therefore, we conclude that 
5°H/5!80 ratio is a robust index to monitor the response of lake systems to climate events. We can 
estimate the 57H/8'8O ratio for lake systems with different topographical and hydrological 
characteristics and compare it with the theoretical values that came up for the eastern Mediterranean 
lakes resulting in conclusions about the intensification or recession of evaporation process. So, the 
5°H/5!80 ratio of measured data in lake systems is a quantitative method to estimate climate change 
impact to lake systems. 


NOTES 

This paper is part of first author’s PostDoctoral Research entitled “Research of climate impact in the 
evolution of lake systems using isotope hydrology models” in Geology School of the Aristotle 
University of Thessaloniki. 
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Abstract 

In the present paper, a computational tool (FloaTWEC tool) is developed for the time-domain analysis 
of a floating oscillating-body Wave Energy Converter (WEC). Assuming a floating body with six 
rigid-body modes, the WEC’s response is calculated based on the well-known Cummins equation, 
where fluid memory effects are captured through appropriate convolution terms. The required 
frequency-dependent excitation loads and hydrodynamic coefficients, as well as the hydrostatic- 
gravitational coefficients are obtained using a standard hydrodynamics (waves-floating structure 
interaction) software. The Power-Take-Off (PTO) mechanism can be modeled as a linear or non- 
linear system, while mooring lines can be considered as additional stiffness forces. The equation of 
motion is solved using the Newmark implicit time integration scheme, whereas the analysis can be 
implemented under the action of regular and irregular waves, assuming motion in all or appropriately 
selected rigid-body modes. FloaTWEC is, initially, validated through comparison of results with 
numerical and experimental results of other investigators for three different floating structures. Then, 
it is applied for the case of a heaving WEC with a linear PTO for: (a) assessing its response and its 
power absorption under the action of regular and irregular waves of different characteristics and (b) 
investigating the effect of the stiffness of the mooring lines on its performance. 


Keywords: wave energy; wave energy converters; time-domain analysis; Cummins equation; 
absorbed power 


1. INTRODUCTION 


Wave energy presents an abundant renewable energy source, characterized by higher energy density, 
compared to other ocean renewable energy forms, limited negative environmental impact in use and 
larger consistency due to natural seasonal variability (Drew et al., 2009). Its efficient harnessing can 
contribute to the satisfaction of the European Union’s decarbonisation targets, while it can support 
energy security and long-term economic growth (e.g. Magagna & Uihlein, 2015). The above have 
fostered, nowadays, the development of the wave energy sector and, so far, a variety of different types 
of Wave Energy Converters (WECs) exists (Drew et al., 2009; de O Falcão, 2010). Floating 
oscillating-body devices (e.g. floating heaving WECs), absorbing energy based on the relevant 
translation or rotational WEC’s motion, present a characteristic WEC type that can be deployed in 
deep waters in order to exploit the corresponding more powerful wave regimes. 


The successful design of such WECs requires the development and the application of numerical tools 
enabling the investigation and the accurate assessment of their performance (hydrodynamic behavior 
and absorbed power) and, therefore, the efficient handling of existing design challenges. Under this 
framework, several numerical tools for the hydrodynamic analysis of floating oscillating-body WECs 
have been and are still being developed (Folley, 2016). Most of these tools are based on the linear 
wave theory and they enable the implementation of the required analysis in frequency domain by 
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linearizing the hydrodynamic problem and the floating system (e.g. Babarit, 2010; Schay et al., 2013; 
Pastor & Liu, 2014). Although frequency-domain numerical tools are characterized by low 
computational time, they cannot model adequately non-linear effects resulting from different sources 
(e.g. existence of complex Power-Take-Off (PTO) mechanisms and highly nonlinear relevant control 
strategies). For overcoming this barrier, time-domain numerical tools should be deployed (e.g. 
Eriksson et al., 2005; Pastor & Liu, 2014). 


Motivated by this, in the present paper a computational tool (FloaTWEC tool) is developed for the 
time-domain analysis of a floating oscillating-body WEC. Assuming that the floating body is rigid 
with six Degrees of Freedom (DOFs), the WEC’s response is calculated based on the Cummins 
equation (Cummins, 1962). The required (input to FloaTWEC) frequency-dependent excitation loads 
(forces and moments) and hydrodynamic coefficients, as well as the hydrostatic-gravitational 
stiffness coefficients are obtained using a standard hydrodynamics (waves-floating structure 
interaction) software, which is based on the linear potential theory. The PTO force can be considered 
in FloaTWEC using either a linear or non-linear model, while mooring lines can be represented as 
additional stiffness forces. The equation of motion is solved using the Newmark implicit time 
integration scheme. The analysis can be implemented under the action of regular and irregular waves 
considering all or appropriately selected DOFs. FloaTWEC is initially validated through comparison 
of results with numerical and experimental results of other investigators for a variety of floating 
structures. Then, it is applied for the case of a heaving WEC with a linear PTO in order to: (a) assess 
its response and its power absorption under the action of regular and irregular waves of different 
characteristics and (b) examine the effect of the stiffness of the mooring lines on its performance. 


2. NUMERICAL FORMULATION 


A floating oscillating-body WEC of draft h is placed in an area of constant water depth d, as shown 
in Figure 1, where indicatively a floating heaving cylindrical WEC of diameter D is considered. In 
this figure, OXYZ corresponds to the global coordinate system, while the PTO is schematically 
presented as a damping mechanism. 


Incident 
wave 
direction 


Mean Water Level 
(MWL) 


Figure 1. Coordinate system and definition of basic quantities (the cylindrical floating body 
and mooring lines’ position are indicative). 


The general procedure applied in the present paper for implementing time-domain analysis of the 
aforementioned WEC using FloaTWEC is shown in Figure 2. At first, frequency-domain analysis is 
implemented for calculating the frequency-dependent wave excitation loads and hydrodynamic 
coefficients (added mass and radiation damping), as well as the hydrostatic-gravitational stiffness 
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coefficients, which are required as input in FloaTWEC. Next, for given incident wave conditions 
(regular or irregular waves of direction 0, Figure 1) as well as for specific PTO and mooring lines’ 
characteristics, the equation of motion in time domain is solved and all quantities describing the 
performance (e.g. response, power absorption etc) of the examined WEC are calculated. In the 
following sub-sections, a short description of the frequency-domain analysis is, initially, given 
focusing on the quantities required as input in FloaTWEC, while a detailed description of the time- 
domain numerical formulation follows. FloaTWEC was developed using Python. 


- Excitation loads 
- Added mass & radiation 
damping 
- Hydrostatic-gravitational 
stiffness 


FloaTWEC Performance of 
Time-domain analysis WEC 


Figure 2. Flowchart for implementing time-domain analysis using FloaTWEC. 


2.1 Frequency-domain hydrodynamic analysis 

The frequency-domain hydrodynamic analysis of the WEC subjected to incident regular waves is 
implemented using WAMIT software (Lee, 1995). The analysis is based on a 3D linear wave 
diffraction theory, where the floating body is also taken to undergo small oscillations in all six DOFs 
(rigid-body modes), corresponding to three translations (surge, sway and heave) and three rotations 
(roll, pitch and yaw) along and around X, Y and Z axes respectively. Assuming inviscid and 
incompressible fluid and irrotational flow, the fluid motion is described in terms of a complex velocity 
potential, which satisfies the Laplace equation everywhere in the fluid region and consists of three 
components: the velocity potential of the incident waves, the scattered potential associated with the 
disturbance of the incident waves by the floating body and the radiation potential related to the waves 
radiated from the body due to its motions. The solution of the 1“ order boundary value problem is 
based on a direct computational method (3D panel method) utilizing the free-surface Green function 
and imposing the appropriate boundary conditions on the free surface, the sea bottom and the floating 
body (Lee, 1995). 


Having solved the boundary value problem, the excitation loads, Fi, i=1,...,6 and the added mass and 
radiation damping coefficients, Aj, Bi i, =1,...,6 are calculated using the following equations: 


F, =-iope, S NPpdS (1) 


A, io B; = ll, n.o,dS (2) 


where œ and ¢y are the incident wave frequency and the unit wave amplitude respectively, p is the 
mass density of the water, øp is the diffracted (incident plus scattered) potential, ø, j=1,..,6 is the 
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radiation potential of the j DOF, (nı, n2, n3)=n, with n the unit vector normal on the body’s wetted 
surface Sg, and (n4, ns, n6)= xxn, with x = (x, y, z). 


Finally, it is noted that the hydrostatic-gravitational stiffness coefficients, Ci, ij=1,...,6 are obtained 
from WAMIT considering the mean wetted surface of the floating body (Lee, 1995). 


2.2 Time-domain analysis 

Assuming linear behavior and considering impulses in the components of motion, Cummins (1962) 
obtained a vector integro-differential equation (known as the Cummins equation) for describing the 
motion of a floating structure in time domain under the action of waves. In the case of a WEC shown 
in Figure 1 this equation can be written as follows: 


M-&(1) =F e(t) +F a (t) +BY -&() -hK +C)-&() 3) 


where t is time, M is the 6x6 mass matrix of the floating body, Fexe is the 6x1 matrix of the wave 
excitation loads, Fraa is the 6x6 matrix of the radiation loads, BË is the 6x6 damping matrix caused 
by an external source (e.g. PTO mechanism), KE and C are the 6x6 stiffness matrices due to an 
external source (e.g. mooring lines) and due to hydrostatic-gravitational forces respectively, while 


EË and E are the 6x1 matrices of the floating body’s motions, velocities and accelerations 
respectively. 


Considering the action of irregular waves, for a given sea state described by a spectrum with 
significant wave height Hs, and peak period Tp, Fexe and Fraa (Taghipour et al., 2008) are given by the 
following equations: 


F(t) =2- [ Fe) -S(@)-cos(@t+é)da (4) 


exc 


Fa O-A) ËO- S KE-1) Oar (5) 


In Equation 4, |F(@)| is the 6x1 matrix of the amplitude of the complex wave excitation loads as 
obtained from the frequency domain analysis (Equation 1), S(@) is the spectral density of the 
examined spectrum and e € [0, 27], is the phase of each wave excitation component in the spectrum. 
In Equation 5, A() is the 6x6 added mass matrix corresponding to infinite frequency, with 
coefficients calculated using Equation 2, t is an auxiliary (dummy) time variable, while K is called 
the “retardation function” and can be calculated as follows (Taghipour et al., 2008): 


K(t) =2/z- o B(@)-cos(at)da (6) 


where B is the 6x6 frequency-dependent radiation damping matrix with coefficients calculated using 
Equation 2. The last term in the right hand side of Equation 5 is the well-known convolution integral, 
which based on Equation 6 represents the load contribution from the wave radiation damping. This 
convolution also captures the so-called “fluid memory effects”; namely, the fact that changes in the 
momentum of the fluid at a particular time affect the motion at the subsequent time. 


On the other hand, in the case of an incident regular wave of amplitude A and frequency œ, Fexe and 
Fraa are simplified as follows: 


exc 


F a (©) = -A(@) E(t) — B(@) EA) (8) 


F (t)=A: LX) -cos(æœt) (7) 
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where A is the 6x6 frequency-dependent added mass matrix, with coefficients calculated using 
Equation 2. 


The equation of motion in time-domain (Equation 3) is solved in FloaTWEC using the Newmark beta 
implicit time integration scheme with parameters a and p equal to 1/2 and 1/6 respectively (linear 
acceleration method), and the response of the WEC (e.g. motions, velocities) are calculated. The 
power absorbed by the WEC, P, can be, then, obtained depending on the WEC’s working direction 
and the PTO mechanism. For example, in the case of a heaving WEC and a PTO modeled as a linear 
damping system, with damping coefficient bpto, P is calculated as follows: 


PO = by (ED) (9) 


It is noted that the analysis can be implemented considering motion in all DOFs or in specific DOFs 
(the rest ones are assumed ideally restricted), while in the case of irregular waves a sea state can be 
described by deploying either the Jonswap or the Pierson-Moskowitz spectrum (DNV-GL, 2017). 


Finally, FloaTWEC is capable for calculating the natural period of each i, i=1,...,6, DOF of the 
floating body through the following equation: 


3. COMPARISON WITH NUMERICAL AND EXPERIMENTAL RESULTS 


The FloaTWEC tool developed in this work is applied for the case of three different floating structures 
in order to compare results with numerical and experimental results of other investigators. 


The first floating structure corresponds to the free heaving cylinder of Watai et al. (2015), which has 
h=1 m, D=2 m (Figure 1) and mass equal to 3140 kg. The cylinder is placed in an area of infinite 
water depth, while the action of head (@=0 deg, Figure 1) regular waves is considered. Indicatively, 
in Figure 3, part of the time series of the computed heave excitation force, Fexc3, and heave 
displacement, ¢3, are compared with the corresponding numerical results of Watai et al. (2015) for 
H=2 m and w=4.202 rad/sec (Figure 3a), 9.905 rad/sec (Figure 3b) and 2.51 rad/sec (Figure 3c). 
Moreover, Figure 3d shows the comparison of the computed Response Amplitude Operator in heave, 
RAOs, (defined as the ratio of the ¢3 amplitude to A) with the corresponding results of Watai et al. 
(2015). In the case of FloaTWEC, RAO; has been obtained via the Fast Fourier Transformation 
(FFT). It can be clearly seen that there is an excellent agreement between the present numerical results 
and the corresponding ones of Watai et al. (2015). 


The second floating structure examined in this work corresponds to the heaving WEC of Eriksson et 
al. (2005). The WEC consists of a partially submerged cylinder tethered above a linear PTO located 
on the seafloor. The PTO is connected by a spring of stiffness ks to the tether and it is modeled as a 
linear damping system, with damping coefficient bpto. The tether, on the other hand, is modeled as a 
rigid bar, assuming that the spring force is large enough to keep the tether stretched. Therefore, the 
spring’s stiffness is assumed representative for the stiffness of the WEC’s mooring system. In order 
to compare results, FloaTWEC is applied for the case, where the cylinder has h=1.5 m, D=4 m (Figure 
1) and mass equal to 800 kg and it is placed in an area of constant water depth d=23 m. Moreover, 
based on Eriksson et al. (2005), Equation 3 is solved with K33"=k,=3000 N/m and B33"=bp10=4000 
N*sec/m. Considering the action of irregular waves described by the Jonswap spectrum with 
Hs=1.175 m and T,=2.228 sec, the time series of č computed using FloaTWEC agrees very well with 
the corresponding one of Eriksson et al. (2005), as shown in Figure 4. The initial small phase-lag 
observed between the time series of Figure 4 may be attributed to the consideration of different initial 
conditions in FloaTWEC compared to Eriksson et al. (2005). 
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Figure 3. Comparison of Fexc3 and ¢ time series and of RAOs with the corresponding results 
of Watai et al. (2015). 
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Figure 4. Comparison of ¢3 time series with the corresponding results of Eriksson et al. (2005) 
for H;=1.175 m and T,=2.228 sec. 
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Finally, FloaTWEC is applied for the case of a horizontal floating cylindrical WEC in order to 
compare results with the experimental and the numerical ones of Chen at al. (2016). Considering a 
geometrical scale 1/10, the cylinder in the physical model has h=0.1 m, D=0.2 m (Figure 1), length 
and mass equal to 1 m and 25.7 kg respectively, while the PTO corresponds to a linear damping 
system. The experiments were conducted for d=1 m under the action of regular head waves. It is 
noted that the numerical model of Chen at al. (2016) is based on the finite element and Volume of 
Fluid (VOF) methods for incompressible viscous flow. In Figure 5, the time series of ¢3 computed 
with FloaTWEC are compared with the corresponding experimental and numerical results of Chen at 
al. (2016) for the case of @=4.187 rad/sec and H=0.05 m (Figure 5a), and 0.10 m (Figure 5b) and for 
B33£=bpto=100 N*sec/m (Chen at al., 2016). It is clear that the application of FloaTWEC results to č 
values which are very close to the experimental results of Chen at al. (2016). Moreover, the agreement 
with the experimental results is greatly improved in the case of FloaTWEC compared to the numerical 


model of Chen at al. (2016), illustrating the accuracy and the efficiency of the tool developed in the 
present paper. 


| Numerical Chen et al. (2016) ---">"- Experimental Chen et al. (2016) ----- FloaTWEC | 
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Figure 5. Comparison of ¢3 time series with the corresponding experimental and numerical 
results of Chen et al. (2016). 


4. FLOATWEC APPLICATION 


The developed in the present paper FloaTWEC tool is further applied for the case of the heaving 
WEC of Eriksson et al. (2005) in order to: (a) assess the response and the power absorption of this 
WEC under the action of regular and irregular waves of different characteristics and (b) examine the 
effect of the spring stiffness on the WEC’s performance. In all the examined cases, the WEC has the 
geometric characteristics mentioned in Section 3 and it is placed in an area of constant water depth 
equal to 23 m. Moreover, based on Eriksson et al. (2005), Equation 3 is solved with B33"=bpro=4000 
N*sec/m assuming all DOFs ideally restricted, except the one corresponding to heave (i.e. the motion 


along the WEC’s working direction). All simulations are performed for 300 sec with a time step of 
0.1 sec. 
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Figure 6. Effect of T on Fexc3, Ë, and P for the case of the examined heaving WEC. 


In the case of regular waves, H is taken constant and equal to 1.5 m, while three different T values 
are investigated equal to 2.0, 2.5 and 3.0 sec. For these three different H and T combinations, the 
equation of motion is solved for K33"=ks=3000 N/m. Figure 6 shows the effect of T on the heave 
excitation force, Fexc3 (Figure 6a), on the heave velocity, Ë, (Figure 6b) and on the power P absorbed 
by the WEC (Figure 6c). Regarding Fexc3 (Figure 6a), it can be seen that by increasing T (i.e. transition 
to longer waves) larger values of Fexc3 are observed in consistency with the real physical problem. On 
the other hand, in the case of the heave velocity (Figure 6b), the largest Č, values are obtained for 
T=2 sec, while the subsequent increase of T leads to a smooth reduction of the WEC’s response 
(12.8% and 21.3% reduction of maximum Ë, values for T=2.5 and 3.0 sec respectively with respect 
to T=2.0 sec). This is attributed to the fact that resonance phenomena occur approximately at T=2.0 
sec, since the natural period of the examined WEC in heave, 73, (Equation 10) is equal to 2.083 sec. 
As for the power absorbed by the WEC (Figure 6c), the increase of T leads to a reduction of P (23.1% 


and 38% reduction of maximum P values for T=2.5 and 3.0 sec respectively with respect to T=2.0 
sec) in absolute accordance with Figure 6b. 


Considering the action of irregular waves, focus is given on the effect of T, and of the mooring lines’ 
stiffness on the WEC’s performance. For this purpose, two sea states with H;=1.175 m and T, equal 
to 2.228 sec and 4.0 sec are taken into account, while simulations are performed for three different 
values of the spring’s stiffness, ks, (representing the stiffness of the WEC’s mooring system as 
mentioned in Section 3). The first value, k,!”"“, is set equal to 3000 N/m as in Section 3, while the 
other two values are set equal to 0.25* k,!”““’=750 N/m and 4*k,!"““'=12000 N/m. 


Regarding the effect of Tp on Fexc3, Ë, and P (Figure 7), analogous conclusions can be drawn as in 


the case of regular waves. Specifically, the increase of T, leads to an increase of Fexc3 (absolute 
maximum Fexc3 values for 7,=2.228 and 4.0 sec are equal to 10 KN and 39.2 KN respectively) and to 


a more intense variation of this quantity. On the other hand, by increasing T, a reduction of both Ë, 


(48.8% reduction of the absolute maximum E value relevant to Tp=2.228 sec) and P (73.8% and 
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63.1% reduction of maximum and mean P values respectively relevant to T,=2.228 sec) is observed, 
since resonance phenomena are pronounced in the case of T,=2.228 sec. 
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Figure 7. Effect of T, on Fexc3, Ë, and P for the case of the examined heaving WEC with 
ks=3000 N/m. 


As for the effect of ks on the performance of the WEC (Figure 8), the time series of É, and P for 


ks=750 N/m do not show significant differences compared to the corresponding time series for 
ks=3000 N/m. Thus, the decrease of ks from 3000 N/m to 750 N/m has a minor effect on the WEC’s 
performance. This is attributed to the fact that ks=750 N/m leads to Ta3=2.098 sec, which is almost 
equal to the heave natural period (2.083 sec) obtained for ks=3000 N/m. The above do not hold true 


in the case of ks=12000 N/m, where the decrease of 7,3 to 2.018 sec leads to smaller Ë, and P values 
compared to the corresponding values obtained for both ks=750 N/m and 3000 N/m. For example, by 
increasing ks from 3000 N/m to 12000 N/m, a 38.3% reduction of the absolute maximum Ë, value is 
observed, while the maximum and the mean values of P are reduced by 61.9% and 26% respectively. 
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Figure 8. Effect of ks on Ë, and P for the case of the examined heaving WEC under the action of irregular waves 
with H;=1.175 m and Tp=2.228 sec. 


5. CONCLUSIONS 


In the present paper, a computational tool, named FloaTWEC, is developed for the time-domain 
analysis of a floating oscillating-body WEC. The analysis can be implemented for any geometry 
under the action of regular and irregular waves assuming motion in all or appropriately selected rigid- 
body modes. The WEC’s response is calculated based on the well-known Cummins equation, while 
the required frequency-dependent excitation loads and hydrodynamic coefficients, as well as the 
hydrostatic-gravitational coefficients can be obtained using a standard hydrodynamics (waves- 
floating structure interaction) software. The PTO mechanism can be modeled as a linear or non-linear 
system, while mooring lines can be represented as additional stiffness forces. 


Initially, the developed tool was applied in order to compare results with numerical and experimental 
results of other investigators. Excellent agreement of computed results with the aforementioned ones 
has been observed, which demonstrates the accuracy and the efficiency of FloaTWEC in terms of 
capturing important aspects of the physical problem. 


Finally, the application of FloaTWEC for the case of a heaving WEC with a linear PTO for different 
incident wave conditions and mooring lines’ stiffness has led to the following main conclusions: (a) 
the increase of the incident wave period increases the heave excitation force in absolute accordance 
with the real physical problem. At the same time, however, the transition to longer waves conditions 
leads to a reduction of the response and the power absorbed by the WEC, since resonance phenomena 
become less significant and (b) for a given sea state the mooring lines’ stiffness affect the performance 
of the WEC only when the change of the stiffness affects directly the intrinsic dynamic characteristics 
of the WEC (i.e. heave natural period). 


The present model can be further applied for the case of a non-linear PTO mechanism, while it can 
be further extended in order to account for a more accurate modeling of the mooring lines. 


References 

1. Drew B., A.R. Plummer and M.N. Sahinkaya (2009) ‘A review of wave energy converter 
technology’, Proc. Institution of Mechanical Engineers, Part A: Journal of Power and 
Energy, Vol. 223(8), pp. 887-902. 


2. Magagna D. and A. Uihlein (2015) ‘Ocean energy development in Europe: Current status and 
future perspectives’, International Journal of Marine Energy, Vol. 11, pp. 84-104. 


3. de O Falcão A.F. (2010) ‘Wave energy utilization: A review of the technologies’, Renewable 
and Sustainable Energy Reviews, Vol. 14(3), pp. 899-918. 


4. Folley M. (2016) ‘Numerical Modelling of Wave Energy Converters: State-of-the-Art 
Techniques for Single Devices and Arrays’, Elsevier. 


5. Babarit A. (2010) ‘Impact of long separating distances on the energy production of two interacting 
wave energy converters’, Ocean Engineering, Vol. 37(8-9), pp.718-729. 


6. Schay J., J. Bhattacharjee and C.G. Soares (2013) ‘Numerical Modelling of a Heaving Point 
Absorber in Front of a Vertical Wall’, Proc. 32™ Int. Conf. Ocean, Offshore and Arctic 
Engineering (OMAE2013), Nantes, France, 2013. 


7. Pastor J. and Y. Liu (2014) ‘Frequency and time domain modeling and power output for a heaving 
point absorber wave energy converter’, International Journal of Energy and Environmental 
Engineering, Vol. 5(2). 


858 


Protection and restoration of the environment XIV 


14. 


Eriksson M., J. Isberg and M. Leijon (2005) ‘Hydrodynamic modelling of a direct drive wave 
energy converter’, International Journal of Engineering Science, Vol. 43, pp.1377-1387. 


Lee C.H. (1995) ‘WAMIT theory manual’, MIT Report 95-2, Department of Ocean 
Engineering, MIT. 


.Cummins W.E. (1962) ‘The impulse response function and ship motions’, Report 1661, 


Department of the Navy David Taylor Model Basin. 


. Taghipour R., T. Perez and T. Moan (2008) ‘Hybrid frequency-time domain models for dynamic 


response analysis of marine structures’, Ocean Engineering, No. 35(7), pp. 685—705 


. Det Norske Veritas — Germanischer Lloyds (DNV — GL) (2017) ‘Environmental conditions and 


environmental loads’, Recommended Practice DNVGL-RP-C205. 


. Watai R., F. Ruggeri, C. Sampalo and A. Simos (2015) ‘Development of a time domain boundary 


element method for numerical analysis of floating bodies’ responses in waves’, The Brazilian 
Society of Mechanical Sciences and Engineering, Vol. 37(5), pp.1569-1589. 


Chen B., D. Ning, C. Liu, C.A. Greated and H. Kang (2016) ‘Wave energy extraction by 
horizontal floating cylinders perpendicular to wave propagation’, Ocean Engineering, Vol. 121, 
pp. 112-122. 


859 


Soft and renewable energy sources 


OPTIMAL OPERATION SCHEDULING OF MULTIPURPOSE 
PUMPED STORAGE HYDROPOWER PLANT WITH HIGH 
PENETRATION OF RENEWABLE ENERGY SOURCES 


P.I. Bakanos* and K.L. Katsifarakis 


Division of Hydraulics and Environmental Engineering, Dept. of Civil Engineering, A.U.Th, GR- 
54124 Thessaloniki, Macedonia, Greece 


“Corresponding author : e-mail : p.bakanos @civil.auth.gr 


Abstract 

The high penetration of renewable energy sources, such as solar and wind, into the electricity system 
requires large-scale, flexible storage and production systems for uninterrupted power supply, to 
reduce as much as possible the amount of energy discarded. The pumped-storage method through 
coupled reservoirs has been globally recognized as a mature, competitive and reliable technology for 
the storage of large quantities of electricity and is suitable for our country, due to its particular 
geomorphology. Its application may increase the degree of exploitation of hydroelectric projects, 
without decrease of the availability of water resources. Optimization of renewable energy sources 
penetration through reversible reservoir systems is a very complex, multi-parameter, non-linear 
problem, as the reservoirs, besides hydroelectric power generation, serve many other objectives such 
as water supply, irrigation and flood protection, while their function should observe constraints such 
as environmental flow. 


This paper examines the possibility of optimizing the penetration of wind energy into a pumped- 
storage multi-reservoir system. The process of simulating and optimizing the system has been 
implemented through the development of a program in the Microsoft Visual Studio 2015, based on 
the genetic algorithm (GA) method. Genetic algorithms are a widely used non-linear optimization 
method that has been successfully implemented to problems of management of large scale complex 
water and energy systems. The results show that when the operation of the reservoir system is 
coordinated with the wind farm, the hydroelectricity generation decreases, but the total economical 
revenue of the system increases by about 7.2% and can achieve high wind energy penetration to the 
electricity grid. 


Keywords: Pumped-storage plant, multi-reservoir systems, renewable energy, optimization, genetic 
algorithms 


1. INTRODUCTION 


In recent years, a significant effort has been made in the world to move to a low-carbon society and 
to achieve energy independence from fossil fuels (e.g. coal, oil and natural gas). In this effort to 
change the energy paradigm, renewable energy sources such as wind, sun, water, biomass and 
geothermal heat play a key role. The use of wind and solar energy does not produce toxic pollution 
or global warming and is one of the cleanest and most sustainable ways to produce abundant and 
inexhaustible electricity. Renewable energy is the key to long-term efforts to mitigate climate change 
and will play an increasingly important role in improving overall energy security. 


The energy generated from the wind turbines and photovoltaic stations is intermittent, fluctuating and 
distributed, resulting in instabilities of the electrical system. In order to achieve penetration of 
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renewable energy sources on a large scale, drastically upgraded flexible and stable systems are 
required to effectively integrate the volatility and unpredictability of uncontrolled renewable energy 
and to minimize discarding of produced energy. 


In order to ensure the stability of electrical networks, the storage of electricity is of prime importance, 
in order to match energy production with demand. For this reason, large-scale energy storage 
techniques attract great interest around the world. Among the alternative energy storage technologies, 
especially in large-scale applications, the Pumped Hydro Storage (PHS) is the most mature and 
efficient, in order to increase the penetration of renewable sources, allowing for improved elasticity 
and efficiency of the energy system [1, 2]. 


Moreover, it is a suitable technology in autonomous power systems with high levels of renewable 
generation. The main difference between these plants and normal hydroelectric systems is that, 
besides producing electricity, they also consume it. The operation of a Pumped Storage Hydro Power 
Plant (PSHPP) is based on the storage of energy in the form of water pumped from a lower elevation 
tank to a higher elevation one, using excess of energy produced by green sources (or even by 
conventional sources), which, without storage, is wasted during low demand hours. These systems 
are capable of storing and providing significant flexibility in starting, interruptions and demand 
fluctuations. Pumping-storage facilities also provide ancillary network services, such as network 
frequency control and reserve creation. This is due to the ability of pumping and storage facilities of 
the hydroelectric plants, to respond to load changes within a few seconds [3, 4]. 


2. GENETIC ALGORITHMS 


The method of Genetic algorithms (GAs) was developed during the 1960s and 1970s by John Holland 
and his collaborators [5]. It is a search and optimization technique based on the principles of genetics 
and natural selection. The method mimics the biological evolution and is based on Darwin's natural 
selection theory. 


The genetic algorithm optimization process begins by coding the values of the decision variables into 
a string of characters, which in analogy with the biological template, is called chromosome and is an 
arbitrary solution to the problem under consideration. This is followed by the creation of the initial 
population, which consists of a number of randomly generated chromosomes. These individuals are 
evaluated on the basis of mathematically formulated criteria, and each is assigned a fitness value. The 
fitness function may include penalties, which reduce it when the corresponding solution violates 
constraints of the problem. Then the next generation of chromosomes is created with the help of three 
key operators (possibly other additives) that mimic biological processes. 


First, the selection operator, according to which the most suitable chromosomes have a higher chance 
of survival and reproduction, is used. The most popular selection methods are the biased roulette 
wheel and the tournament. The above methods do not fully guarantee that the best chromosome of 
one generation will pass to the next one. In order to ensure the "survival" of the fittest chromosome, 
an additional process, called elitism, is incorporated in many codes [6]. 


Then the crossover operator is applied, with which descendants are formed from two original 
chromosomes, exchanging randomly parts thereof. The basic idea is that at least one of the new 
chromosomes could be better than the two parents, if it includes some of their best features. Finally, 
the mutation operator, which alters some of the characters that make up the strings of chromosomes, 
introduces new genetic structures and adds some additional variability and diversity to the population. 
The mutation helps the algorithm not to be trapped by local optima and to reach the global ones. This 
process (evaluation of chromosomes - implementation of operators) is repeated for a number of 
generations, determined from the beginning or resulting from a termination criterion. It is expected 
that in the last generation the optimal, or at least a very good solution to the problem, will have been 
found [7]. 
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3. OPTIMAL OPERATION SCHEDULING OF A PSHPP WITH WIND FARM USING 
GENETIC ALGORITHMS 


In this paper we present a tool to design the optimal configuration of a wind farm combined with a 
pumped storage hydro-plant. The optimal generation scheduling of a hydro pump wind system aims 
to the utilization of water storage ability to improve wind park operational financial gains and to 
attenuate the active power output variations due to the intermittence of the wind-energy resource [8]. 
The short-term hydro-wind scheduling suggests that current market mechanisms are inducing 
generation companies to generate water flows as large as possible, namely to profit from selling 
electricity, when prices are higher and to pay for pumping as little as possible when prices are low 
and the wind is high. At times of low electrical demand and high wind energy generation, electric 
power is used to pump water into the upper reservoir, so the excess of the wind energy can be stored 
and not discarded. During periods of high electrical demand, water is released back into the lower 
reservoir through a turbine, thereby generating electricity. Taking into account the conversion losses 
of the pumping process and evaporation losses, a maximum of 70% to 85% of the electrical energy 
used to pump the water into the upstream reservoir can be regained. 


3.1 Problem formulation and case study 

In the present study we consider an open-loop two-reservoir system with hydropower plants in series 
into a river, and a wind farm as well, shown in Figure 1. The upstream plant is pump storage, it has 
three reversible pump turbines and is located at the level of the downstream reservoir. The second 
hydro power plant has three turbines for electricity generation. The hydropower plants are 
coordinated and cooperate with the wind park and are connected to the grid. The task is to maximize 
the financial benefits from operating the system over a 24-hour horizon. The objective function in 
Equation 1, is to maximize the profit from selling energy or power to the electric grid: 


t=24 


MaximizeE. „a = MaximizeP „4 = bs Cred ays (1) 
t=1 


The maximization of the objective function of short term pumped storage hydro wind scheduling 
problem is subject to a number of constraints. The operation constraints are summarized as follows 
(Equations 2-15): 


a) System active power balance 
Poeridt= PwrtPiit Pat (2) 


The output of hourly active power of the system that is injected to the grid is equal to the summation 
of both the hydro production and the available wind power. If the turbine of hydro plant 1 is in pump 
mode at time t, the P:;in Equation 2 can be negative. The hydropower from the two reservoirs is 
calculated by Equation 3 and the net head is calculated by the following Equation 4: 
n; -P-8-Q, - Hner, 
Pryaro, t (MW) = = (3) 
1000 
Hneti= HF;1- ATi2- ki Qi? (4) 


If the turbine is in pump mode the pump power is calculated by Equation 5 and the pump head is 
calculated by the following Equation 6: 


Fp MW) = E Hin T pumpa 
1000-14, jun 
Fi pump,t= AF i - AT) + ki Qif A 
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Electrical Grid 


Figure 1: The reservoirs system and the wind Farm (Generated by the authors) 
Hydro power plants generation or pumping limits 

Pi hydro, min <P; hydro, t <P; hydro, max (7) 

P ipump, min Š P ipump, rs Pipump, max (8) 


Wind power plant generation limit 
0 < Pw, 1< Pw, max (9) 


The maximum allowable power exchange with the system has a maximum technical power limitation 
of the transmission line, which is considered as fixed during all 24h periods 


P grid, tS 800MW (10) 
Dynamic water balance in reservoirs or equation of continuity: 

Vi t1 = Vi t+ Lit- Qit (11) 
Maximum and minimum volume levels of reservoirs: 

V; min < Vi, ts Vi, max (12) 
Lower and upper discharge limits of the turbines: 

Oi, mins Qi < Oi. max (13) 
Lower and upper power limits of the pump mode: 

QIpump, mins 01, pumps Qi pump, max (14) 
Initial and final reservoir storage volume: 

V; 12= Vio (15) 


The symbols in Equations 2 to 15 are explained in the following lines: 


i: reservoir or hydropower plant index, i = 1,2 

t: time interval (h), t= 1; 2; ... ;24 

E gria: injected energy to network (MWh) 

Ei, energy output of hydropower plant i (MWh) 

Ew, t available wind energy output of wind farm (MWh) 
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P gria: injected power to network (MW) 

Pi, 1: power output of hydropower plant I at time t (MW) 

Py, t: available wind power output of wind farm (MW) 

ci: spot electricity price at time t (€/MWh) 

Ii, ¢ inflow in the reservoir i at time t (m/sec) 

Vi, ¢ water volume of reservoir i at time t (hm?) 

Qi, : discharge from reservoir i through hydro turbine (m*/sec) 

HF, :: Reservoir elevation of the plant at time t (m) 

HT;,1: Tailrace elevation of the plant at time t (m) 

Hneti, =, Head for the plant at time t for hydropower production (m) 
Vi, max, Vi, min: max and min volume limits of reservoir i: (hmô) 

Qi, max, Qi, min: turbine discharge limits for station i; (m/sec) 

Qi pump, max, Qipump,min : pump discharge limits for station 1 (m°/sec) 
Vio: water volume in reservoir i in the first scheduling period(hm*) 
Vi2: water volume in reservoir i in the last scheduling period (hm?) 
Ni, hydro: hydropower generation efficiency factor for hydro plant i 

n pump: pumping efficiency for hydro plant 1 

ki: friction coefficients of penstocks (s?/m5) 

g: gravity acceleration (9.81 m/sec”) 

p: water density (1000 kg/m?) 


3.2 Wind power 

The wind speed is always fluctuating, and thus the energy content of the wind is always changing. 
The variation depends both on the weather and on local surface conditions and obstacles. Energy 
output from a wind turbine will vary as the wind varies, although the most rapid variations will to 
some extent be compensated for by the inertia of the wind turbine rotor [9]. We consider that the 
installed capacity of wind farm is Pw,max = 1OOOMW, taking into account the installed capacity of the 
hydropower plants [8,10]. The wind power forecast (shown in Figure 2) is available for the day-ahead 
and serves as input. The total energy output of the wind farm in standalone mode is 14300MWh and 
the profit is 745000.00€. 


3.3 Hydropower plants 

The technical and operational characteristics of reservoirs and hydropower facilities are summarized 
in Table 1, while the relationship between elevation and volume is shown in Figure 3. The natural 
inflow for the first reservoir is Iı „= 0.30hm*/h (166.67m?/sec). The second has no natural inflow and 
Intr= Qis 
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Figure 2: Wind power profile and power limit of the grid 
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Table 1: Technical and operational characteristics of reservoirs and hydropower facilities 


Reservoir 1 Reservoir 2 

Inflow (hm?/h) 0,30 - 
Initial volume (hm?) 25 21.25 
Final volume (hm?) 25 21.25 
Maximum volume operation level (hm?) 30 25 
Minimum volume operation level (hm?) 20 17.5 
Maximum Generation Release (hm*/h) 1.20 1.20 
Minimum Generation Release (hm?/h) 0.12 0.12 
Maximum Pumping Release (hm?/h) 1.20 - 
Minimum Pumping Release (hm?/h) 0.20 - 

a -0.0071 -0.0052 
Head vs Volume Curve Hi(m)=a;V;°+b;V;7+c;Vitd; i bai Di 

c -2.8964 19.651 

d 95.562 -180.81 
Maximum Height Level (m) 149.63 100.90 
Minimum Height Level (m) 129.79 72.34 
Maximum Tailrace level (m) 100.9 20 
Minimum Tailrace level (m) 72.34 20 
Discharge efficiency 0.88 0.88 
Pumping efliciency 0.85 - 
Friction coefficients of penstock (sec?/m’) 0.00003 0.00007 
Generation Capacity Power (MW) 231 (3 x 77) 237 (3 x79) 
Capacity Pumping Power (MW) 300 (3 x 100) - 
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Figure 3: Relationships between reservoirs’ water level and volume 
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3.4 Electricity market price 
The 24h day-ahead hourly energy price of the electricity market is shown in Figure 4. 
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Figure 4: Forecasted market prices of electricity for 24h ahead 


4. OPTIMIZATION RESULTS 


10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 


Time (h) 


4.1 Optimization without coordination between wind power and pump storage 
In the first case where the reservoir system operates independently of the wind farm, the maximum 
hydro energy power output, obtained by optimizing the hydrosystem with genetic algorithms is shown 
in Table 2. The release from the reservoirs and the storage in this case are shown in the diagrams of 


Figures 5 and 6. 


Table 2: Optimization results for case 1 


Pump Storage Total Hydro : 
Hydroplant 1 Hydroplant 2 energy Wind Farm | System Energy 
Energy generation (MWh) 2166.62 2266.10 4432.72 14300.00 18732.72 
Energy for pumping (MWh) -458.50 - -458.50 - -458.50 
Energy discarded (MWh) - - - -2456.70 -2456.70 
Net energy (MWh) 1.708,12 2.266, 10 3974.22 11843.30 15817.52 
Economical Revenue 124954,80€ 148228, 90€ 273183.70€ 586589.35 859773.05 
mam Release 1 ==Reservoir 1 Storage —e=Simax =—a=Simin 
35 1,20 
1,00 
30 4 O =n EE H H =m um mm mE ap 
=a Os 
€ 2s =. a SS ce 
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HEE IE i -0,20 © 
5 Ek 0.40 Č 
Lt - -0,60 
15 Lz -0,80 
-1,00 
10 j m ! -—|_}+-_ } -1,20 
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Figure 5: Reservoir 1 storage curve and release profile for case 1 
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mmm Release 2 =——Reservoir 2 Storage —w=S2max —=S2min 
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Figure 6: Reservoir 2 storage curve and release profile for case 1 


Adding the power of the wind farm to the hydropower the total power exceeds the maximum capacity 
of the grid and an amount of energy is discarded as shown at diagram fig.7. The wind energy that can 
be absorbed by the system is 11843.3MWh from the 14300MWh and the discarded energy is 
2456.7MWh, which means 83% penetration of wind energy into the grid, as shown in Figure 7. The 
energy produced from the reservoir system is 3974.22MWh and total energy transferred to the grid 
is 15817.52MWh. The financial revenue from wind energy is 586589.35€, from hydropower 
273183.70€ and the total profit 859773.05€ (Figure 8). 
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Figure 7: System power output diagram and the energy discarded for case 1 
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Figure 8: Financial profit diagram for case 1 


4.2 Optimization with coordination of wind power and pump storage 
Coordinating operation of the reservoir system and the wind farm, the optimization by GAs can 
balance output of the system and reduce the energy which is discarded to zero, absorbing the excess 
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power (over 800MW) by pumping water from the downstream reservoir to the upstream one. In this 
case the maximum hydro energy power output by optimizing the hydro-system with genetic 
algorithms is shown in Table 3. The release from the reservoirs and the storage in this case are shown 
in diagrams of Figure 9 and 10. 


Table 3: Optimization results for case 2 


Pump Storage Total Hydro : 
Hydroplant | Hydroplant 2 ey Wind Farm | System Energy 
Energy generation (MWh) 1923.28 2391.22 4314.50 14300 18614.50 
Energy for pumping (MWh) -601.72 - -601.72 - -601.72 
Energy discarded (MWh) - - - 0 0 
Net energy (MWh) 1321.56 2391.22 3712.78 14300 18012.78 
Economical Revenue 60370.40 € 116444.95 176815.35€ 745000 921815.35 
= Release 1 Reservoir 1 Storage —eSimax  <—@S1min 
35 1,20 
£ 1,00 
+ 0,80 
- 0,60 
040 = 
0,20 £ 
0,00 v 
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Figure 9: Reservoir 1 storage and release diagram for case 2 
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Figure 10: Reservoir 2 storage and release diagram for case 2 


The system can absorb all the 14300MWh of wind energy, which is 100% penetration of wind energy. 
The energy produced from the reservoir system is 3712.783MWh, namely smaller than that of case 1, 
but the total energy transferred to the grid is 18012.78 MWh, about 14% larger, as shown in Figure 
11. The revenue from wind energy in this case is 745000.00€ and from hydropower 176815.35€, 
summing to a total of 921815.35 €, which means increase 7.2% compared to case 1. The total 
hydroelectric energy generation and the revenue in the second case are about 7% and 35% smaller 
respectively, compared to case 1, because in case | the reservoir system was optimized taking into 
account the hydro plant capacity only (Figure 12). 
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Figure 11: System power output diagram for case 2 
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Figure 12: Financial profit diagram for case 2 
CONCLUSION 


In this work, an optimization approach based on genetic algorithms is developed for the optimal 
scheduling and operation strategy of a cascade two-reservoir system, which has a pumped-storage 
hydro power plant, a conventional hydro power plant and a wind farm. The aim is to maximize the 
financial benefits of operating the system over a 24-hour horizon for two cases, with and without 
coordination. The results show that when the reservoir system is coordinated with the wind farm, the 
hydroelectricity generation decreases, but the total revenue of the system increases about 7.2% and 
can achieve high wind energy penetration to the electricity grid. 
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Abstract 

According to several EU Directives, Cyprus qualifies and is classified as an Emerging Market for 
Natural Gas and also as Isolated Energy Market. The Country energy natural resources face several 
contradictions. On one hand, there is not any specific strategy in political level regarding when and 
how indigenous fossil reserves will be extracted although their commercial exploitation could offer 
to the Island energy security. Moreover, there are not any oil or gas pipelines as well as no electricity 
interconnections with other countries. On the other hand, several Sustainability (mainly 
environmental) targets set by United Nations and the European Commission (either as policies, 
regulations or directives) must be adopted and therefore fossil fuel use should not be promoted and 
the contribution of Renewable Energy Sources (RES) must be increased. So, Cyprus needs rather 
than any other country in the area a holistic sustainable strategy regarding the promotion of RES and 
to manage its own fossil hydrocarbons reserves. For this a detailed energy resources sustainability 
strategy analysis is required in order to be able to evaluate the available inputs and to formulate 
sustainable energy strategic planning. This paper proposes a novel approach to combine PESTEL and 
SWOT analysis in order to assess the ability to use PESTEL environmental context analysis to 
categorize and evaluate not only the pillar of externalities, but also the energy resources sustainability 
internalities. The method is implemented for Cyprus energy resources and emerges not only a number 
of sustainability opportunities and threats, but also strengths and weakness for the island’s future 
energy resources sustainable development strategy. Furthermore, it is obtained that the proposed 
novel approach, as it is able to acquire useful results, is promised and suitable for environmental 
analysis which is a crucial part of the strategic management planning process. 


Keywords: PESTEL; SWOT; natural resources; sustainability; energy strategic planning 
1. INTRODUCTION 


Cyprus has a completely isolated power system and no electricity interconnections (IRENA, 2015). 
It has also proven natural gas reserves i.e. 141.6 Bcm until 2014 (WEC, 2016) and a renewable energy 
potential able to provide 25 - 40% of total electricity supply by 2030 as assessed by International 
Renewable Energy Agency (Lin et al., 2016). It is an insular Country, European Union member since 
2004 and according to EU Directives qualifies and is classified as Emerging Market for Natural Gas 
and as Isolated Energy Market (Directive 2009/72/EC, Directive 2009/73/EC). Although the 
production of the indigenous natural gas could commence by 2022 (Taliotis et al., 2017) and its 
exploitation could have considerable impact to the island economic development and energy security 
(Henderson, 2013), there is not any specific known strategy regarding when and how fossil natural 
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resources will be extracted. In this framework, there are several energy strategy contradictions. On 
the one hand, there is the option the natural gas reserves to be exploited and a fossil fuel dominated 
energy system to be continued with the advantage of the indigenous sources. On the other hand, as 
required by UN and related EU targets which focus on climate change, reduced hydrocarbon fuels, 
increased contribution of RES, minimized environmental issues, turn to a low carbon society etc, 
renewable energy should be promoted and fossil fuel use be mitigated. Therefore, Cyprus needs an 
efficient energy strategic planning in order to exploit sustainably its energy resources and at the same 
time conform to global warming mitigation obligations. This paper aims to propose a novel context 
analysis method, which combines PESTEL and SWOT and is suitable to be used in this process. 


2. ENERGY STRATEGIC PLANNING 


Due to the crucial importance of sustainable development and climate change mitigation, energy 
planning optimization has become extremely important (Vazhayil and Balasubramanian, 2012) and 
moreover not doing rigorous and quantitative energy planning may have high cost (Gomez et al., 
2016). Strategic management, initially involves environmental scanning and strategy formulation (i.e 
strategic planning) and, consequently, strategy implementation, evaluation and control. 
Environmental scanning requires internal and external factors analysis (Alkhafaji, 2003). Internal and 
external environmental issues scanning and evaluation is an important step at the preparation of 
strategic planning (Zorpas et al., 2018). Proper energy planning should be based on an internal and 
external environment survey and as energy resources availability is key for effective energy planning 
(Mirjat et al., 2017; Ervural et al., 2018) this paper focuses on such an analysis for Cyprus. 


3. ANALYSIS METHOD 


3.1 SWOT and PESTEL tools 

The PESTLE (Political, Economic, Social, Technical, Legal and Environmental) analysis is an 
analytical tool for assessing the impact of external contexts on a project or a major operation and also 
the impact of a project on its external contexts (Basu, 2009). PESTEL (or PESTLE) analysis was 
originally conceived as ETPS for the economic, technical, political, and social sectors of the 
environment by Aguilar in 1967. Later in the 1960s, Brown for the Institute of Life Insurance 
reorganized the analysis as STEP. This macro external environment analysis, or environmental 
scanning for change, was modified again as so-called STEPE analysis, including also the ecological 
taxonomy; more recently “L” was also added for legislative or legal concerns (Richardson, 2006). 
Being a practical business analysis tool (Basu, 2009), PESTEL has been broadly used in 
environmental research (Fozer et al., 2017; Song et al., 2017; Climent Barba et al., 2016; Zalengera 
et al., 2014; Shilei and Yong, 2009). As sustainability has social, economic and environmental 
dimension, it is important in a decision making process to add the institutional dimension (Sharifi and 
Murayama, 2013). PESTEL provides an essential framework for sustainability analysis and planning. 


An important aspect of the strategic planning process is SWOT analysis (Alkhafaji, 2003); that is a 
strategic analysis tool that combines the study of the strengths and weaknesses of an organization, 
territory or sector with the study of the opportunities and threats in its environment (Fertel et al., 
2013). The name of SWOT analysis is the initials of the words strengths (S), weaknesses (W), 
opportunities (O), and threats (T). Strengths are positives and weaknesses are negatives related to 
system internal factors, while opportunities are external factors that have positive interaction with the 
system and the threats to the system are the negative effects of the system environment (Srdjevic et 
al., 2012). SWOT analysis is broadly used in energy planning related research (Fertel et al., 2013; 
Ervural et al., 2018; Khan, 2018). 


3.2 SWOT - PESTEL combination novel approach 
Prior to the SWOT analysis, the internal and external factors should be well defined (Fertel et al., 
2013). As PESTEL refers to external environment factors, it seems suitable for external issues 
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recognition. The tool may be used for the external environment analysis in order to identify 
opportunities and threats (Bell and Rochford, 2016). However this paper proposes a novel method, 
arguing that the PESTEL framework analysis is suitable to spot both external (opportunities and 
threats) as well internal (strengths and weaknesses) factors. 


Although applications conclude to strengths and weaknesses using PESTEL environment analysis 
are met in the literature (Mayaka and Prasad, 2012; Srdjevic et al., 2012) the issue how the 
internalities can be provoked by the external environment analysis remains in question. The difficulty 
to distinguish between internal and external factors may lead to confuse strengths with opportunities 
or weaknesses with threats (Fertel et al., 2013). To confront this confusion a methodology to discern 
the internalities from externalities is hereby proposed. In this approach, it is fundamental to define 
which, concluded by the PESTEL analysis environment factors, may be considered as internal and 
which as external. 


The internal environment involves the resources and capabilities of a company, whereas external 
environment involves factors beyond the control of a company, but which, nevertheless, are relevant 
to - and affect the company (Yüksel, 2012). According to Nwagbara (2011) the factors outside the 
control of the system are external and factors within the control of the system are internal. Outside 
forces over which management has little or no control, but they affect the organization’s development 
and success compose the external environment (Alkhafaji, 2003). 


External environment understanding according to ISO 9001:2015, may be enabled by examining 
parameters arise by the institutional, technological, cultural, social and financial environment, the 
competition and the market in international, national, district and local level. In a different approach, 
according to Bilovaru et al. (2009), referring to a country market characteristics analysis, political, 
economic, social, technological, environmental and legislative conditions determine country image 
itself, and, thus, they represent the internal elements of SWOT. 


As specified in ISO 9001:2015, internal environment understanding may be enabled by examining 
parameters connected to organization values, culture, knowledge and performance. Organizations 
internal environment “is typically described by its organizational structure, resources, climate and 
culture" (Tang, 1998 cited in Zain and Kassim, 2012). According to literature for SMEs, the 
categories of internal environmental factors affecting business success are entrepreneur 
characteristics, SME characteristics, management, products and services, customers and markets, 
doing business way and cooperation, resources and finance, strategy, company’s competitive 
position, human resources skills, technological capabilities and employees values and backgrounds 
(Hin et al., 2012). Key internal variables that affect a corporation’s strategy formulation are the 
structure, culture, and resources. Communication processes, work flow, authority and responsibility 
relationships define structure. Culture is the collection of beliefs, expectations, and values shared by 
the corporation’s members and are transmitted through generations. Corporate resources are the 
financial, physical, and human resources, organizational systems and technological capabilities 
(Alkhafaji, 2003). 


Based on the internal and external factors outline is derived from the above, two distinguishable sets, 
referring to energy resources parameters, could be formed. A set including factors classified as 
internal and a set including factors that are external. So, external or internal factors gleaned by the 
PESTEL analysis can be distinguished, depending on which set they belong, and they can be 
classified as S, W, O or T s consequently. 


The two sets are the below: 


The “Energy resources Internal Factors (IF)” set: IF = {current energy strategy, current production 
characteristics and resources, energy resources availability}. 


The “Energy resources External Factors (EF)” set: EF = {energy demand, economy trend, technology 
and human resources trends, environmental impacts, legislation, policies, social framework }. 
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The outline of PESTEL framework can be collected and gleaned by secondary data review as 
academic literature, government or international organizations websites, factsheets, reports etc. 
Besides as strengths and opportunities are positives and weaknesses and threats are negatives the 
methodology sequence proposed to be followed in order to spot them by the SWOT — PESTEL 
analysis is presented in Figure 1. 
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Figure 1. Method 


Although sustainability definition is complex and multiply approached, explained and analyzed (Pater 
and Cristea, 2016; Moldavska and Welo, 2017; Glavic and Lukman, 2007), the results in the proposed 
method are formulated with a direct approach. Energy resources sustainability strengths, weaknesses, 
opportunities and threats are either these concern the effort to currently exploit the resources 
efficiently, or these which are connected to the ability the resources development to be prosperous 
and not harmful in the long term and for the future generations. 


4. CYPRUS ENERGY RESOURCES PESTEL ANALYSIS 


4.1 Political Framework 

Cyprus is a European Union member since 2004. Its political system is Presidential Republic. On 
July 1974, Turkey invaded against the Republic of Cyprus and since then 36.2% of the sovereign 
territory of the country remains under Turkish occupation. This situation is known as the Cyprus 
problem (PIO, 2017a). Cyprus is geographically and nationally divided into two parts. The south part 
which is internationally recognized as Republic of Cyprus, and the North part, where there is a self- 
declared State, recognized only by Turkey. Greek Cypriots live in the southern part and Turkish 
Cypriots live in the northern part (Laouris and Michaelides, 2017). Hydrocarbon development could 
potentially be enabler for a Cyprus problem settlement (Gürel and Le Cornu, 2014). 


The energy policy of the Government of the Republic of Cyprus has as main axes the market healthy 
competition ensuring, the energy supply ensuring and the country energy demands satisfaction, with 
the smallest burden on the national economy and the environment and is fully harmonized with EU 
energy policy (EAC, 2017a). Cyprus 2020 targets are to reduce 5 % GHG emission limits compared 
to 2005 greenhouse gas emissions levels, 13% share of energy production by renewable sources and 
2.2 Mtoe maximum primary energy consumption (EC, 2018a). Especially for electricity generation 
and cement and ceramics production the national target set is 21% reduction of GHC emissions by 
2020 (DoE, 2017). 
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So far three hydrocarbons exploration licensing rounds have already held in Cyprus Exclusive 
Economic Zone (CHC, 2017). According to EU policy, National Governments have control over their 
oil and gas reserves, but they must follow a set of common EU rules to ensure fair competition during 
licensing granting for search and production activities (EC, 2018b). Besides, member states must take 
account the decarbonisation priorities when exploit hydrocarbon reserves (EC, 2014). 


Although currently there are no Cyprus pipeline or electric cable interconnections there is such a 
potential. A 600 kV DC underwater electric cable, currently known as the Euro Asia Interconnector, 
to connect Israel - Cyprus — Greece transmission networks and a gas pipeline from the East 
Mediterranean gas reserves to Greece mainland via Crete, currently known as "EastMed Pipeline", 
have been labelled as Projects of Common Interest (PCI) by European Union (EC, 2017). 


4.2 Economic Framework 

Cyprus is a eurozone member since 2008 and after financial and economic crisis in 2013 the 
government required an economic support program funded by EU and IMF which included obligation 
for a number of reforms as the privatization of state-owned assets, utilities and services (Panayides et 
al., 2017). The Country has exited the program and fifteen months after the exit Cyprus’s economic 
growth was evaluated as broad-based (IMF, 2017). Country GDP growth rate during the third quarter 
of 2017 was estimated at + 3.8% comparing to the same quarter of 2016 (MoF, 2017). 


Although full liberalization of Cyprus electricity market was formally achieved on 2014, it is not yet 
implemented in practice. Electricity Authority of Cyprus (EAC) which is semi-public body is 
presently the only supplier (EC, 2014) and operates three thermal power stations with a total installed 
capacity of 1478 MW mainly produced with heavy fuel oil (EAC, 2017b). Energy production in 
Cyprus is mainly depended on imported fuel with 96,4% energy dependence in 2013 amounted 7.1% 
of the country’s GDP, which decreased to 6.7% in 2014 (EY, 2016). Electricity generation of insular 
systems because of a number of factors are extremely expensive and less secure in the long term 
(Fokaides and Kyllili, 2014). Cyprus’s energy system isolation increases electricity generation costs 
and imported energy sources dependence (Fokaides et al., 2014). 


Cyprus Government supports GHC emissions mitigation targets with renewables and energy 
efficiency promotion subsidy schemes (Energy Service, 2017), feed in tariffs and net-metering 
supporting schemes (Poullikas, 2013) and PV projects competitive auctions licensing (Kylili and 
Fokaides, 2015). Although according to empirical results, renewable energy consumption has positive 
impact on economic growth, for Cyprus no causality is found (Alper and Oguz, 2016). The natural 
gas discoveries in Cyprus EEZ are large enough to have considerable impact to the island economic 
development and energy security (Henderson, 2013) and have the potential within a decade to 
disengage country energy production from imported oil products and to improve the trade balance in 
order to reduce the cost of electricity to the economy (Taliotis et al., 2017). 


4.3 Social Framework 

Cyprus population is estimated at 952100 (PIO, 2017b). In Cyprus there is an ongoing ethnic partition 
between the Greek Cypriot majority and the sizeable Turkish-Cypriot minority and the island is 
divided in two ethnically homogenized parts, the Republic of Cyprus in the southern part practically 
dominated by the Greek-Cypriots, and the ‘Turkish Republic of Northern Cyprus’, a formation that 
is recognized only by Turkey occupied by Turkish Cypriots. Although last years there is a relative 
freedom of movement across the dividing line of the two parts but the partition still remains in place 
(Zembylas et al., 2016). 


Unemployment in Cyprus has a decreasing trend since a peak noted by end of 2015 and in December 
2017 was 11.3% decreased, compared to 12.8% in December 2016 (MoF, 2018). Country total 
employment is forecasted to grow in next years (HRDA, 2017a) and in the same trend new 
employment needs are also forecasted for electricity supply and natural gas sector (HRDA, 2017b). 
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4.4 Technical Framework 

Energy demand in Cyprus is prospected to rise calculated to be 5% to 44% higher in 2040 than it was 
in 2010 (Zachariadis and Taibi, 2015). Approved long term forecast of annual total generated 
electricity upper limit in Cyprus in 2026 according to TSO (2017) is 7215 GWh. Cyprus has 
significant renewable energy potential with solar potential to be calculated up to 1900 KWh/m” per 
year, total wind potential about 150 and 250 MW (Pilavachi et al., 2009) and annual biodegradable 
waste biogas generation potential at 242 GWh minimum (Kythreotou et al., 2012). Renewable energy 
penetration in Cyprus electricity system in 2016 was 8.4% of total generation i.e. 4.7% by wind parks, 
3% by PV projects and 0.7% by biomass plants (TSO, 2018). 


Cyprus offshore recoverable natural gas quantities are estimated by the Government and foreign 
energy institutes to may be up to 200 tcf expected to become available in the forthcoming years 
(Cyprus Institute of Energy, 2012 cited in Fokaides and Kylili, 2014). Proven natural gas reserves 
until 2014 was 5000.6 bcf (WEC, 2016). Once natural gas becomes available, as a result of provisions 
made in Vasilikos power station units, generation can switch to this fuel instead of diesel and heavy 
fuel oil (Taliotis, et al., 2017). 


4.5 Environmental Framework 

Fossil fuel energy production is connected with many environmental impacts as global warming, 
ozone layer depletion, abiotic depletion, acidification, eutrophication, fresh water aquatic ecotoxicity, 
human toxicity, marine aquatic ecotoxicity, photochemical ozone creation and terrestrial ecotoxicity 
are closely connected with (Atilgan and Azapagicm, 2015). On the other hand producing electricity 
from RES environmental benefits, including the reduction of GHG emissions, are well known (Serri 
et al., 2018). However these are also connected with environmental impacts (Zorpas et al., 2017). 


Natural gas is a promising transition energy source between higher-carbon fossil fuels and RES in 
part due to its relatively low GHG emissions and local air pollutants, (Chavez-Rodriguez et al., 2017). 
On the other hand, offshore hydrocarbon exploration and production as Cyprus case are associated 
with significant potential impacts to the environment which may include marine pollution and 
toxicity, benthic disturbance, impacts to wildlife, birds and fish, biological depletion, loss of 
archaeological heritage, health and safety incidents, atmospheric emissions and drilling fluids, muds 
and cuttings as well as other solid and fluid waste production (Elbisy, 2016; Speight, 2015). Besides, 
offshore platforms accidents may result to severe environmental damage (Stout et al., 2017). 


4.6 Legal Framework 

Several laws and regulations regulate energy activities in Cyprus. Energy infrastructure projects 
including natural gas and renewable energy projects, with the exception of under 100 kW photovoltaic 
systems, require Environmental Impact Assessment preparation (Zorpas et al., 2017). Health and 
Safety issues of energy activities are regulated under Safety and Health at Work Laws of 1996 to 
2015 and the related regulations also. Department of Environment strategic plan 2016 - 2018 include 
activities for appropriate restructure of the institutional framework with respect to the management 
of the environmental aspects of energy and hydrocarbons (DoE, 2017). 


The conditions for granting and using authorizations for the prospection, exploration and production 
of hydrocarbons are regulated by the Republic of Cyprus legislation harmonized with directive 
94/22/EC. The safety of offshore oil and gas operations issues are regulated by legislation harmonized 
with directive 2013/30/EU which establishes minimum requirements for preventing major accidents 
in offshore oil and gas operations and limiting the consequences of such accidents. 


5. RESULTS 


Implementing the methodology presented in Figure 1., the findings that can be classified as internal 
or external positive or negative effect facts are gleaned by the above PESTEL framework analysis. 
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So the Cyprus Energy Sources sustainability strengths, weaknesses, opportunities and threats are 
concluded as follows. 


Considering internal factors set members is emerged that, regarding current energy strategy, the lack 
of a known coherent Country energy strategy is a negative effect fact so it is a weakness. 
Commencement of hydrocarbons exploitation, interconnections political approval, electricity system 
legal liberalization and EU membership can be classified as related positives so they are strengths. 
Regarding energy resources availability, it is positive that the Country has natural gas and renewable 
energy potential but island energy isolation and imported fuels dependence are negatives. Besides 
current heavy fuel oil based electricity production has negative effect so it is a weakness referring to 
production characteristics. 


External factors set members consideration emerges that energy demand prospected raise, observed 
economy growth, GHG emissions reduction targets, solid legal requirements for energy related 
activities, natural gas and renewables environmental benefits, existing power plants conversion to 
natural gas potential and natural gas reserves enabled Cyprus problem resolution potential are positive 
effect facts. These are connected to energy resources external factors set members, so there are 
opportunities. Relevant negative effect factors, therefore threats, are the Cyprus problem and the 
existing ethnic partition, electricity system factual liberation delay and the noted unemployment 
decreasing trend in combination with increased energy sector employment needs. 


A Cyprus Energy Sources SWOT matrix containing above results is presented in Figure 2. 
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Figure 2. Cyprus Energy Resources SWOT matrix 
6. CONCLUSIONS 


The proposed SWOT-PESTEL qualitative analysis method implemented, emerged a number of 
sustainability strengths, weaknesses, opportunities and threats. SWOT analysis typically generates 
strategic alternatives (Alkhafaji, 2003) and aims to maximize strengths and opportunities potential 
while minimizing weaknesses and threats effects (Schmoldt and Peterson, 2000 cited in Fertel et al., 
2013). So the observations can be used to evaluate the Cyprus energy resources and to formulate 
energy strategy aiming to maximize strengths, minimize weaknesses, enhance opportunities and 
confront threats. Therefore, the energy policy of the Country should be more coherent deploying 
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European Union policies, targets and guidelines. Electricity and pipelines interconnections as well as 
natural gas reserves exploitation should be sought to in combination with power plants conversion 
for this fuel use, energy market actual linearization and renewables contribution maximization. 
Regarding social issues energy sector employment should be taken into consideration and energy 
planning to be thought as a Cyprus problem solution enabler. 


As SWOT analysis, even if it is well structured, it is subjective and it is difficult to reach a consensus 
about its results (Fertel et al., 2013), the proposed methodology must be connected to the same 
limitation. But its application shows that it is suitable to overcome the core limitation of effective 
internal and external factors detection and segregation. It must also be mentioned that limitations of 
this paper results are that analysis is based on available secondary data and that transportation as well 
as domestic heating systems energy needs have not been considered. 
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Abstract 

A major issue that contemporary society deals with is adopting "sustainability" and "viability" values. 
The solution to this problem comes through a complex process. In that process the building sector is 
a vital factor and should not be eliminated. In this paper, it is presented the design and the construction 
of a house that obeys to the principles of bioclimatic design. In this bioclimatic residence, it is applied 
passive systems over its building shell. Moreover, one more characteristic which worth to be 
mentioned is the use of green roof because of the benefits that derives through it. The aim of this 
paper is the design of a building that exploits natural resources, reduces carbon dioxide emissions and 
provides thermal comfort to its users. Finally, it is displayed a comparison of the economic and energy 
benefits between a bioclimatic home and a conventional one. 


Keywords: bioclimatic design, green roof, passive systems, energy benefits, natural resources 
1. INTRODUCTION 


Bioclimatic housing is the environmentally friendly building that utilizes natural factors and climatic 
data. It is properly adjusted to the topography of the soil and through the right design itis ensured the 
creation of the appropriate microclimate, providing coolness in the summer and warmth in the winter. 
It is mainly governed by bioclimatic design which is not a new created design trend as it appears to 
have been applied since ancient Greece.A characteristic reference is made in the memoirs of 
Xenophon, as well as in Hippocrates' work ‘’On air waters and places’’, where reference is made to 
Socrates’ Solar House and to the principles of bioclimatic architecture respectively, with the sole aim 
of ensuring a harmonious relationship between the man and the environment [1]. In modern times, 
particularly in Europe, where the building sector is responsible for 40% of total energy consumption 
and 36% of CO2 emissions (European Commission of Energy Efficiency in Buildings) the European 
Union has been aiming to improve energy efficiency, to reduce greenhouse gas emissions by 20% 
(compared to 1990), and to increase the amount of RES by 2020[4].In the case of Greece as well as 
other Mediterranean climate countries, a bioclimatic house can have a 30% energy savings compared 
to a conventional building. However, this savings can also reach 80% if they are compared to an older 
one without insulation building[7].Bioclimatic design has the ultimate goal of protecting the 
environment, saving energy, reducing operating costs and improving the indoor climate of the 
buildings so as to ensure thermal and visual comfort, as well as offering an overall living quality for 
users.To achieve this, the correct orientation of the building, the proper layout of the spaces, the 
proper design of the building shell is chosen, in order to maximize the sunshine during the wintertime 
and minimize it during the summertime and finally a guiding principle of bioclimatic design is being 
used, ie the use of passive heating and cooling systems.In the present paper, in the house of which 
bioclimatic architecture was studied and depicted, the Trombe wall was chosen as a basic passive 
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system and in addition a planted roof was placed as a passive energy saving technique in order to 
provide additional environmental and economic benefits.A bioclimatic house in order to approach 
the standards of the ideal residence should not just provide comfort and energy savings, but it is 
desirable to offer the user aesthetic satisfaction[2], which in our case is achieved with the planted roof 
and the features of bioclimatic architecture.The present paper aims to the highlighting of the energy 
and economic gains generated by the use of passive systems and also at the situating of a planted roof 
in a hypotheticalhouse designed according to the general principle of bioclimatic design[6].The 
passive systems[8] as well as the openings were designed and attached to the south face of the study 
building based on the climatic and environmental conditions of Central Macedonia.In addition, the 
thermal insulation proposed for the specified house in order to exhibit satisfactory results could 
display characteristics (thermal conductivity, specific heat capacity, density etc) close to those of 
graphite expanded polystyrene.Finally, the house under study of this paper has been accepted as being 
constructed in an open space, remaining unaffected by neighboring buildings. 


2. BIOCLIMATIC DESIGN GUIDELINES AND GREEN ROOF 


2.1 House shape and orientation 

The house has an elongated shape along the east-west axis, creating a larger surface to the south for 
collecting and utilizing solar heat in the winter months through the openings and passive systems [5]. 
The ratio of its sides is about = 1/1.5 which makes it very close to the ideal one according to the 
calculations and the measurements made in various ratios, as with this ratio it is managed to avoid 
creating dark spaces as there is no part of the house that is not fully illuminated, even partially[9].As 
far as the orientation is concerned, it follows the Southeastern orientation just like the traditional 
Greek house[2] as it is considered to be the ideal orientation for the current case and for the 
geographical position of Greece, in order to exploit the sun and all the environmental 
benefits.Specifically in the house which is examined, the south side was considered for the living 
room, the east for the kitchen and the bedrooms and the west side whichis considered most appropriate 
for the location of a room mainly used in the winter, where sun protection measures were taken in 
order to avoid overheating of the indoor space in the afternoon hours of the summer.Finally, the north 
side was considered suitable for warehouses, stairwells and bathrooms which are secondary spaces, 
as it offers low levels of lighting during all seasons and is characterized by the cold. 


2.2 Spaces Layout 

The residence that is designed is a two-storey bioclimatic house with a siting of the interior places 
that utilizes every piece of the house for the intended use [5].More generally, the house meets the 
general principle of bioclimatic design[6], ie it places the South side for the siting of the most 
important functions of the building and for use of passive solar heating systems, while the North side 
is appropriate for maintaining the heat and offering protection against the winds.In particular, in the 
southern parts of the building are placed the main areas of the house, those rooms in which the tenants 
spend most of their time such as the living room (Figure 1 and Figure 2).It is considered to be the 
most suitable choice for these places because during the winter months the sun's rays are low on the 
horizon and thus they enter deep into the interior by heating and lighting the rooms while during the 
summer months the rays are high and with the use of a sunblindthe overheating of the interior spaces 
is prevented.On the contrary, on the northern side there are secondary areas and spaces where the 
users do not stay for many hours such as a warehouse, bathroom and guesthouse. These spaces are 
cooler, require more protection from strong winds, act as a buffer zone against cold winds and reduce 
the heat loss of the main use areas.Also on the eastern side there are placed spaces that need to enjoy 
the morning sunshine, to warm up in the morning and to cool down at midday hours.Finally in the 
west there are spaces that are mainly used in the winter and not spaces such as the kitchen since if the 
heat produced by the cooking added to the heat of the sun, the interior space would be overheated at 
undesirable levels[16].The need for sun protection of the passive systems and openings to avoid high 
temperatures during the summer months, can easily beachieved with the installation of special sun 
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blinds. In this case this role is adopted and implemented by appropriately designed and shaped 
balconies. In general, the use of sun blinds is not the only option for protection as there is a range of 
choices. 


Another simple and natural way for sun protection of the building ,as well as its passive systems and 
openings, can be achieved by placing deciduous trees and vegetation in the south orientation, which 
once again proves that the nature and the environment not only do not oppose the construction but 
are allies for a much better result.The layout of the places, the relationship between the sides, the 
openings and the architecture are not the only features that make the building unique since it displays 
passive systems such as the Trombe wall[8] and the green roof,which besides its energy and economic 
benefits provides also aesthetic. (Figure 3). 


Figure 2. First floor plan view 
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2.3 Openings 

The openings are not designed and manufactured with the same dimensions in all directions but differ 
as each dimension serves a different purpose. Large size openings are selected to the south, medium 
size in the east and west, while small openings are selected to the north[12] [6]. The larger openings 
must be oriented towards the south so as to make the building cool in the summer and warm in the 
winter, while on the north side of the building there must be placed solid walls and as small as possible 
openings so that they can function as heat-insulation (thermal losses reduction). However, the northern 
openings in the house must necessarily exist and not be omitted since they provide adequate natural 
lighting, cross ventilation and cooling, especially in the north-south direction during the summer 
months. 


I 


a = 
o s a = e o "E = u 


Figure 3. South view 


2.4 Southern Openings Dimensioning 

Considering the relationship between outdoor temperature and openings and knowing the mean 
outside temperature of the area (4.5 degrees Celsius), a gamut was created within which the area of 
the openings would range, by multiplying the area of each space by its coefficients. 


Using coefficients from semi-empirical formulas [6] [20], the results are as follows: 


Area of Living Room, Dining Room, Kitchen= 56,59m? 

Minimum Opening Area of Living Room, Dining Room, Kitchen= 56,59m°x0,13 = 7,36 m? 
Maximum Opening Area of Living Room, Dining Room, Kitchen = 56,59m°x 0,21 = 11,88m? 
7,36<Opening Area <11,88 

Minimum Opening Length of Living Room, Dining Room, Kitchen = 7,36/2,20 =3,35 
Maximum Opening Length of Living Room, Dining Room, Kitchen=11,88/2,20 =5,40 
3,35< Opening Length<5,40 

Area of Room 3= 19,34 

Minimum Opening Area of Room3= 19,34m?x 0,13 = 2,51m? 

Maximum Opening Area of Room3= 19,34m?x 0,21 = 4,06 m? 

2,51<Opening Area (3,08) <4,06 

Minimum Opening Length of Room3= 2,51/2,20 = 1,14 

Maximum Opening Length of Room 3= 4,06 /2,20 = 1,85 

1,14<Opening Length (1,40) <1,85 
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Area of Room 2 = 15,17 

Minimum Opening Area of Room2= 15 ,17m?x 0,13 = 1,97 m? 
Maximum Opening Area of Room 2= 13,99m2x 0,21 = 3,18 m? 
1,97<Opening Area (3,08) <3,18 

Minimum Opening Length of Room2=1,97/2,20 =0,90 
Maximum Opening Length of Room2= 3,18/2,20 =1,45 
0,90<Opening Length (1,40) <1,45 

Area of Room 1= 18,34 

Minimum Opening Area of Room 1= 18,34m°x 0,13 = 2,38m? 
Maximum Opening Area of Room1= 18,34m?x 0,21 = 3,85m? 
2,38<Opening Area (3,08) <3,85 

Minimum Opening Length of Room1=2,38/2,20 = 1,08 
Maximum Opening Length of Room1= 3,85/2,20 = 1,75 
1,08<Opening Length (1,40) < 1,75 


Table 1. Relationship between average outdoor winter temperature and openings [6] [20] 


Average outdoor temperature(°C) Openingarea / floorplanunit 
1.7 0.16-0.25 
4.5 0.13-0.21 
7.2 0.11-1.17 


2.5 Trombewall pre-dimensioning 

The Trombe wall [8] is part of the passive solar design systems and achieves indoor heating by taking 
advantage of the direct sunlight. It consists of upper and lower opening, glass, gap and high thermal 
mass wall. The wall is made of materials with high heat capacity and, in our project the wall is made 
of concrete. The determination of the Trombe wall area results from its relationship to the average 
outdoor temperature. Using Table 2 [6] [20], combined with the present outdoor temperature of the 
region (4.5 degrees Celsius), the following results are obtained: 


Area of Living Room, Dining Room, Kitchen = 56,59m? 

Minimum TROMBE Wall Area of Living Room, Dining Room, Kitchen= 56,59m7x0,28= 15,85m7 
Maximum TROMBE Wall Area of Living Room, Dining Room, Kitchen= 56,59m°x 0,46 = 26,03m? 
15,85< TROMBE Wall Area <26,03 

Minimum TROMBE Wall Length of Living Room, Dining Room, Kitchen=15,85/2,35=6,63 
MaximumTROMBE Wall Length of Living Room, Dining Room, Kitchen= 26,03/2,35= 11,08 
6,63<TROMBE Wall Length <11,08 

Area of Room3 = 19,34 

Minimum TROMBE Wall Area of Room3= 19,34m?x 0,28 = 5,42 m? 

Maximum TROMBE Wall Area of Room3 = 19,34m7x 0,46 = 8,90m? 

5,42<TROMBE Wall Area <8,90 
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Minimum TROMBE Wall Length of Room3= 5,42/2,35=2,31 
MaximumTROMBE Wall Length of Room3= 8,90/2,35 = 3,79 
2,31<TROMBE Wall Length (2,40) <3,79 

Area of Room? = 15,17 

Minimum TROMBE Wall Area of Room2= 15,17m?x 0,28 = 4,25m? 
Maximum TROMBE Wall Area of Room2= 15,17m2x 0,46 = 6,98m? 
4,25<TROMBE Wall Area <6,98 

Minimum TROMBE Wall Length of Room2= 4,25/2,35 = 1,81 
MaximumTROMBE Wall Length of Room2= 6,98/2,35 = 2,97 
1,81<TROMBE Wall Length <2,97 

Area of Room! = 18,34 

Minimum TROMBE Wall Area of Room1= 18,34m?x 0,28 = 4,58m? 
Maximum TROMBE Wall Area of Room1= 18,34m2x 0,46 = 8,43m? 
4,58<TROMBE Wall Area <8,43 

Minimum TROMBE Wall Length of Room1= 4,58/2,35 = 1,95 
MaximumTROMBE Wall Length of Room1= 8,43/2,35= 3,59 
1,95<TROMBE Wall Length <3,59 


Table 2. TrombeWall area per indoor area unit 1m2 depending on average winter 
temperature [6] [20] 


Average outdoor temperature(°C) TROMBE Wall Area/floorplanunit 
-1 0.43-0.78 
4.5 0.28 — 0.46 


2.6 GreenRoofplacement 

The Green Roof is not a finding of the recent years as it emerges from the dawn of civilization and 
the Hanging Gardens of Babylon up to the Modern times, where it plays a leading part in many 
European cities such as Stuttgart, Germany and the USA as well [14]. 


For a city to be considered sustainable, according to the European Environment Agency, it should be 
corresponded 10sq.m. green per inhabitant [3]. In this need, the green roofs of buildings can play a 
leading role and contribute significantly. They can also provide clean air and cover high oxygen 
requirements, as only 1.5 square feet of a Green Roof is enough to produce so much oxygen to meet 
the annual needs of an adult for clean air [3]. 


The building was not housed with a sloping roof but it was chosen to be placed a planted roof. This 
option, combined with passive systems [8], appropriate openings’ size and orientation, aims at 
creating a bioclimatic house of great energy potential that, apart from the ecological and economic 
benefits, it will also achieve an aesthetic result [2]. The type chosen was the extensive type as it was 
considered the most suitable between the semi-intensive and the intensive type that requires higher 
planting requirements. 


The extensive type [10] is organized on a multi-level stratification with a light growth plant substrate 
of 10 to 15 cm high, the maintenance of which requires little care. The load ranges from 70 to 140 kg 
/ m and the root system of the plants is superficial. The limited weight does not cause problems and 
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fear in the static endurance of the building as it will not lead the total load to exceed the calculated 
load predicted by the static study. Then, while in gradients above 20 ° the additional use of retaining 
elements of the substrate such as honeycombs are required, in the present construction there is no 
such thing since the slope placed is the elementary 2% -2.5%. If the slope of the soil does not exceed 
the 1.5%, water accumulation is likely to occur, which can cause a runoff problem and lead to 
destruction of the overall structure [13]. In general, care should be taken to avoid stagnant water 
accumulation, with particular emphasis on the drainage system, as it may create suffocation 
conditions in the roots of plants, which may lead to the failure of the vegetation installation on the 
roof. Such cases are avoided when basin planning is in line with national, European legislation and 
international standards [15] [13]. 


Ideal plants for this species are low-vegetation plants with a superficial root system that can easily 
breed, such as vegetal rugs, wildflowers, herbaceous plants, sedum and ground cover plants. 


The extensive type roof is not suitable for use and access to humans as opposed to semi-intensive and 
intensive-type planted roofs [7]. 


In order to protect the workers who take care of the maintenance of the roof and the electromechanical 
installations, railings have been installed as safety measures because the roof of the structure is at a 
height of more than 3 m above the ground [10]. 


The materials in general that play a leading role in the construction[15] of the planted roofs are: the 
plant material, the infrastructure materials which are a prerequisite for the vegetation installation and 
the irrigation system materials, which are necessary for the vegetation maintenance.All materials and 
components selected are resistant to continuous exposure to water, to the biological action of 
microorganisms and water-soluble substances, do not contain ingredients that are harmful to plants, 
do not create air pollution and are compatible with each other according to the International Standards 
in order to ensure mutual chemical compatibility[10].The stratification of the planted roof is being 
presented below(Figure 4 ). 
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Figure 4. Green Roof section 
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So the extensive plant roof type will provide an aesthetic result with many energy and economic 
benefits [13]. It will make possible the existence of an ecological landscape with what that entails 
with the minimum return, as it offers all the advantages of the Green Roof, requiring a low installation 
cost and a low to zero maintenance cost. It also, relieves the user of a series of problems in the 
building endurance since it adds to the total load a minimum weight, compared to other types, 
intensive and semi-intensive. It also requires minimal care as it does not require daily irrigation- 
watering of plants from the user. Finally, it provides a high ecological benefit with an immediate 
depreciation[12], making the choice of a Green Roof placement even more attractive. 


2.7 Innovation in the Green Roof. 

In the innovation of the planted roof placement, two more proposals that will frame it and make it 
even more special come to add. These two proposals concern the composting and the water 
channeling system.Their common denominator is the exploitation of goods that are available but not 
exploitable posing the nature as an ally and the recycling as a basic principle[5]. 


Composting [19] is a natural process that converts organic materials into a richly dark substance 
called compost or soil improver. It is a very direct and important method of recycling and it has been 
estimated that 35% of household waste can be composted [19]. For the current roof, composting 
involves the garbage composting so that the rubbish becomes exploitable. In particular, the garbage 
become a fertilizer which is transported to the roof and to the plants of the green roof. This fertilizer 
is mainly derived from organic residues and acts as a booster for the growth and healthy preservation 
of plants. In the present paper, an extensive type for the planted roof has been chosen using plants 
with a superficial root system that easily germinate like sedum, herbaceous plants, herbs, flowers or 
lawns a more limited use of compost is made, ie the fertilizer produced. However, in the case of using 
another type such as semi-intensive or intensive type, it would be beneficial to make a further use of 
compost-fertilizer to achieve corresponding satisfactory results. 


Recycling and the full utilization of every element that is already present and around us is not limited 
to the use of garbage alone, but extends to the basic and necessary for the plants good, the water. 
Hence, the next proposal concerns the water channeling system.In particular, it is proposed that the 
water from the daily use other than sewage and the water coming from the rainwater collection should 
be concentrated in a reservoir.Then, after the water is set for cleaning (and small treatment) through 
a filter it is re-used to irrigate the plants of the green roof.Specifically, the collected and treated 
purified water will be transported with a modern system of drainage water into the roof and by 
extension on the plants, relieving the user of the house to make additional use of water for watering 
the plants of the green roof.Finally, this water that has been treated and cleaned can also be used in 
other cases such as housework, watering of the balcony plants, cleaning of the outdoor areas, etc., 
offering thereby the residents more possibilities[ 17] in combination with the economy and a friendlier 
attitude towards the environment. 


3. RESULTS AND DISCUSSION 


3.1 Advantages and Benefits of the Green Roof 

A bioclimatic home that delivers comfort and energy savings it can also offers the user aesthetic 
satisfaction, such combination is desirable and brings the construction even closer to the standards of 
the ideal housing[5].The aesthetics in the present paper, apart from the building architecture, is 
reinforced and highlighted by the extensive Green Roof type with a variety of plants with a superficial 
root system that can easily germinate, such as vegetal rugs, wildflowers, herbaceous plants, sedum 
and ground cover plants.It is capable of adding color, utilizing the free and usually untapped space to 
create a small oasis and even change not only the image of the construction but also a wider whole 
such as a city [13]. Besides aesthetic benefits, the planted roof also provides a number of other energy 
and economic benefits.Specifically, the extensive type [10] chosen in the planted roof is the most 
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appropriate because it combines all the ecological and economic benefits with zero needs and direct 
depreciation from the first placement day. Worldwide, it is widely selected but also in the case of 
Greece it is considered the most efficient as it is combined with its climate, characterized by strong 
winds, temperature fluctuations and limited water sufficiency. In general, it offers multiple benefits 
[17] to both their users and the city as well as the whole planet. It improves the air quality as the 
planted roofs retain the heavy metals and enrich the atmosphere with oxygen. It reduces the external 
noise by 10 decibel lower, compared to a conventional insulation, resulting in the Green Roof to be 
seen as an ideal sound-proofing solution [12].The green roof protects the buildings from the fire as it 
prevents the spread of fire with the use of the planting water retention, which enhances the buildings 
fire safety and also protects them from electromagnetic radiation to a very high percentage of over 
95% [7].The planted roof is not limited to the individual house but extends to the whole city level as 
it solves the problem of the thermal islands which greatly alters the microclimate of the cities as the 
planted roofs offer thermal insulation and shade to the buildings by helping them cool and reduce 
their temperature [12].At the city level, it comes to resolve another problem, the flood defense as it 
retains and filters over half of the amount of rainwater, providing flood protection in the city[13] and 
protecting the water from pollution.Another key sector in which the Green Roof benefits, increasing 
further the value of our construction is the economic one. It provides economic benefits as the green 
roof of the building is heated and cooled much slower than a typical roof, resulting in the building 
being air-conditioned easier, more efficiently and at a lower cost. Even in relation to a conventional 
roof, it reduces the superficial terrace temperature, which can reach 80 ° C to 45 ° C, limiting it 
thereby even to 35 ° C during the summer days [7] . 


Besides the outdoor superficial temperatures reduction, during the summer months it reduces the 
indoor temperature of the building by up to 10 ° C while in the winter months it reduces the heat loss 
from inside the building [7].All this result in economical and energy benefits for the construction as 
the heating and cooling cost of the building is reduced by up to 50% [12].Financial benefits also come 
from the building maintenance cost reduction, as the Green Roof protects the surface of the roof not 
only from the weather conditions, but also from the radiation, greatly increasing thereby the shelf life 
of the roof, which can even reach its doubling[12].The Green Roof building is not only protected 
from the damage caused by the weather conditions, but also by the strain of the building due to 
thermal contractions and expansions, as the temperature range of variation of the green roof 
decreases.Thus, the construction is upgraded because of their high rating in the building energy 
identity, resulting in increasing its commercial and objective value [13]. 


The disadvantages they present are much less and in the present construction measures have 
beentaken for them. 


The financial burden, the planted roof’s static charge and the continuous care of the garden have been 
provided and taken into account with the extensive type choice, while the risk of moisture has been 
addressed by proper waterproofing and drainage of the Green Roof [15][10].Finally, a proposal that 
can make the green roof even more efficient and provides even more benefits is its combination with 
photovoltaics[11].In the construction of the paper it would be very simple and feasible as the planted 
roof is of an extensive type. 


The plants remain unaffected and at the same time help to make photovoltaics work more efficiently 
by relieving them of the problem of overheating [17]. 


3.2 The Efficiency of Passive Systems and Bioclimatic Architecture. 

Passive systems constitute the building elements of the house and belong to the bioclimatic design. 
Their function is based on the energy exchange with the environment as well as the proper storage 
and distribution of energy within the premises[8].From thermal analyzes made with the use of 
software [9][18] (Ecotect Analysis 2011) to houses with passive solar systems (such as the Trombe 
wall),with proper interior design and seamless southern sunshine, cooling savings of over 28% and 
heating savings of over 27.5% have been achieved.The thermal needs reduction for cooling and 
heating becomes more striking, if only the half-day areas and the bedrooms on the southern side 
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where the total energy savings are up to 45% are considered [9].By creating a bioclimatic home 
combined with passive systems, the benefits are many not only in the energy, environmental and 
economic spheres, but also in the level of comfort and living quality[17][5].Specifically, conditions 
of optical and thermal comfort as well as energy saving for heating and cooling are assured. Sunlight 
and solar energy and, more generally, renewable sources of energy play a key role in this.In the case 
of Greece, which is governed by the Mediterranean climate, the buildings can, after being properly 
designed and built, heated by the sun at 70-80% in the winter and in the summer to be kept cool 
without air conditioning[6].A fact that makes the need for Bioclimatic Architecture and the use of 
passive systems even more urgent[8], as Trombe Wall, in our case.Thus, with a small extra 
construction cost, energy saving can be achieved, large future operating costs can be avoided, the 
environment can be protected and the houses upgraded to healthy and hospitable buildings [18].But 
even with passive solar systems and sufficient sunblinds there cannot be 100% energy autonomy 
throughout the year, yet with the addition of the basic passive system, the Trombe wall, and also with 
appropriate design based on the climatic characteristics of the area, energy saving for heating 46.6% 
but also cooling up to 39.5% for southern thermal zones can be achieved[16][18].So when passive 
technologies are implemented and actualized in a proper and satisfactory way, the difference in the 
energy balance of the building, which energy technologies are called upon to cover, is very 
small.Moreover, a Passive Building is profitable to a large extent when it is the result of bioclimatic 
architecture with the right orientation, proper aspect ratio and optimal spaces layout [16].Furthermore, 
when it provides high levels of thermal insulation, the desired thermal storage mass that will absorb 
excess heat per day and attribute it at night, passive technologies such as modern passive systems and 
glass panes that have characteristics that allow for the necessary solar gain income during the day in 
winter and limit the thermal losses during the night while not leading to room overheating in the 
summer [8].Such a passive house reaches the point of using up to 90% less energy for heating and 
cooling than a conventional building as it interacts with the environment and functions as a living 
organism that adapts to the local climate and exploits the physical elements [12][16].Although such 
a building's potentials are increasing to a very large extent, it is still very difficult to achieve energy 
self-sufficiency and independence. For this reason it is proposed to use RES to meet additional energy 
needs such as photovoltaic modules[11][18], wind turbines as well as the use and exploitation of 
geothermal energy, which is practically an inexhaustible source of energy.Active passive systems 
such as photovoltaics or wind turbines can also be installed later, which does not bind the 
manufacturer and the user for their selection and installation during the building construction.Finally, 
bioclimatic architecture provides many benefits and profits at all levels, making it efficient and 
appropriate in many cases [17].Even in large urban centers and in densely-built areas where there is 
a concern about the layout of the buildings on the plot, their orientation and shading from the opposite 
buildings, there is an answer and such an implementation is possible [6].The answer is not that 
bioclimatic design cannot be applied or that bioclimatic design is limited to ideal situations but that 
the way of dealing with it should be changed in such a case that there is no bioclimatic home design 
but bioclimatic settlement design. 


4. CONCLUSIONS 


The two-storey bioclimatic house designed and built according to the principles of bioclimatic 
architecture and the addition of passive systems and Green Roof has presented a plethora of 
advantages and capabilities that provide the user with a home that covers a large part of its energy 
needs, which also with the addition of active systems such as photovoltaics will be able to touch 
energy autonomy [18]. A home that offers comfort and living quality in complete harmony with 
nature and the environment and multiple economic profits. A number of parameters have been taken, 
modern technological means have been utilized and an aesthetic result has been presented that 
provides a healthy, functional and efficient building close to the standards of an ideal home that does 
not oppose the environment but instead respects, exploits and interacts positively with it. 
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Abstract 

Mygdonia Basin is located mostly in north and northeast part of Thessaloniki Regional Department 
and in a small part of north Halkidiki Regional Department, including two lakes, Koronia and Volvi, 
the forest of the Macedonian Tembi Valley and many streams forming a dense water network. The 
whole area of 2,090 km? is protected by two Joint Ministerial Decisions, which define all land uses 
and economic activities that are allowed to be developed in each of its three zones of protection. The 
area of study involves a “Natura 2000” site — “Special Protected Areas” — as well. The area is 
characterized for its intense agricultural activities, as well as livestock plants and activities, which 
demand a great amount of irrigation water; a great number of the 80,722 inhabitants in 80 small towns 
live from such economic activities. However, most of the livestock farms operate without effective 
animal wastes management methods, while such wastes involve high organic load. 


The present paper investigates the possibility for optimization of site selection of an anaerobic 
digestion plant for liquid manure treatment in the area of Mygdonia Basin, with the aid of 
Geographical Information System (GIS). For this reason, legal, social, ecological and economic 
criteria are set, identified and briefly described. They are related to: the restrictions in land uses and 
activities permitted by the two joint ministerial decisions for Mygdonia Basin (legal criteria); a 
minimum necessary distance of the proposed anaerobic digestion plant from current towns (social 
criteria); the ecological characteristics of the area of study with the “Special Protection Area” and the 
local wildlife refuges (ecological criteria); and the need for location of the proposed anaerobic 
digestion plant mostly next to the largest livestock farms (economic criteria). With the appropriate 
spatial data and spatial analysis within the GIS, the synthesis of all criteria that have been set, is 
completed successfully and the site for the anaerobic digestion plant location is chosen. The present 
paper set and selected simple criteria, while the problem of site selection for the anaerobic digestion 
plant is more complex; however, it is a pilot work showing that there are possibilities to solve 
problems in this area that has been polluted for more than two decades. Furthermore, a critical 
comment is made related to the implications of Environmental Impact Assessment Study for such a 
project, which is strongly affected by land use patterns proposed by General Local Plans. 


Keywords: Livestock liquid manure, Anaerobic digestion, Spatial analysis with GIS, Mygdonia 
Basin 


1. INTRODUCTION 
Anaerobic digestion is a dynamic biodegradation process: wastes with high organic loading are 


degraded and stabilized, and thus, converted to biogas methane, carbon dioxide and in less 
concentration, hydrogen sulfide, hydrogen, nitrogen gas, etc. As a process it may involve biosolids 
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with low concentration in solids (wet digestion) or with high concentration in solids (dry digestion). 
Depending on operation temperature, anaerobic digestion is regarded as psychrophilic (10-20°C), 
mesophilic (28-38°C) and thermophilic (50-65°C). The whole process is divided into three stages: 
hydrolysis of organic matter, with carbohydrates, proteins and fats being broken down to sugars, 
amino-acids and fatty acids; acidogenesis, with acidogenic bacteria and hydrogen producing 
acetogenic bacteria producing acetate, volatile fatty acids, carbon dioxide and hydrogen; and finally, 
methanogenesis, during which methanogenic bacteria produce methane and carbon dioxide [1]. 
Problems in the process of anaerobic digestion may be observed in case of accumulation of volatile 
fatty acids (VFA) during the second stage, when organic loading is high or when hydraulic residence 
time is short. Specific growth rate of acidogenic bacteria of the second phase is higher than specific 
growth rate of methanogenic bacteria of the third phase and this is the reason why, not all quantity of 
volatile fatty acids produced leads to methanization. As a result of this, pH is decreased and anaerobic 
digestion is blocked. Imbalance appears usually when the operation of digestors starts and until the 
development of satisfactory methanogenic flora; then the process operates well and appears to be 
resistant both to changes in substrate as well as any other possible operational accidents, such as high 
concentration of ammonia nitrogen. Free ammonia levels should be maintained below 80 mg/l, while 
ammonium ion can generally be tolerated up to 1,500 mg/l as NH4*-N [2]. Despite that, it has been 
found that with acclimatization (usually several months), stable operation can be achieved for 
ammonia nitrogen concentration up to 8,000 mg/l [3]. 


Anaerobic digestion, apart from sludge stabilization in Wastewater Treatment Plants (WWTPs), is 
widely used in high loadings of livestock wastes degradation, producing good quality compost, 
without pathogens, and producing simultaneously biogas, which may produce thermal and electric 
power by cogeneration. Consequently, the production of biogas by anaerobic digestion of livestock 
wastes has many advantages related to: production of renewable energy and reduction of energy 
deriving from fossil fuels; decrease of imported fossil fuel from Hellas and European Union; 
contribution to livestock wastes treatment and sanitation, which is a major problem in Hellenic 
primary sector, causing impacts in water bodies; decrease of greenhouse gas emissions, in terms of 
CO; and finally, positive impacts in creation of new jobs, new economic activities and better 
operation of livestock farming activities with cost savings to farmers, since the produced residual of 
digestion may be used as a fertilizer, farms may operate without odors and serious environmental 
impacts, while their environmental permits may be easier to be obtained [4]. Thus, the process of 
anaerobic digestion of livestock wastes contributes mostly to the strategic goals of circular economy. 


2. THE AREA OF STUDY - MYGDONIA BASIN — CRUCIAL PARAMETERS 


Mygdonia Basin, with its 2,090 km? surface, is located in the Region of Central Macedonia, east of 
Thessaloniki (Figure 1), and it comprises two lakes, Koronia and Volvi, and the forest of the 
Macedonian Tembi Valley with Rihios River (from Lake Volvi to Strymonikos Gulf). Lake Koronia 
is about 11 km long and 4.5 km wide (surface of 4,600 Ha and max depth of 8 m), and Lake Volvi, 
the second largest lake in Hellas, is about 19.5 km long and 3.4 km wide (surface of 6,800 Ha and 
max depth of 21 m). The whole basin is recognized as a region of high ecological importance and it 
is protected by two Joints Ministerial Decisions 6919/2004 [5] and 39542/2008 [6], which divide it 
into three zones (Figure 2), with several economic activities being prohibited in its one. A 
Management Plan o the area is also approved by the Joint Ministerial Decision 5848 1/2012 [7], which 
redefines the boundaries of all protected areas within the Mygdonia Basin, redefines all economic 
activities permitted in these areas and determines all necessary processes for every possible permit 
and all necessary public authorities that should express their opinion or offer the permits to 
developers. The wetlands are characterized as “Special Protected Areas” (code GR1220009) and “Site 
of Community Importance” (codes GR1220001 and GR1220003) the two lakes are protected by 
Ramsar Convention (code 3GRO05) and the Macedonian Tembi Valley belongs to the Network 
‘Natura 2000’. More than 1,000 different flora species have been identified in forest ecosystems of 
the basin, 343 different bird species have been recorded (58% of total Greek bird species), 34 mammal 


895 


Soft and renewable energy sources 


species have been identified (27 of them protected by Hellenic legislation), 35 reptiles and amphibia 
(17 of them protected by Hellenic legislation) and 29 different fish species can be found in Lake 
Volvi. 
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Figure 1: The area of study, Mygdonia Basin with the boundary (in green), the two lakes, 
Koronia and Volvi, in the middle of the Basin, and Richios River from Lake Volvi to 
Strymonikos Gulf in the east 


The basin includes 80 small towns with a total population of 80,722 inhabitants (census 2011), which 
are organized in two municipalities and 16 municipal departments (10 of them geographically in the 
basin). The most popular economic activities involve agriculture, stockbreeding (28,000 cattle and 
106,500 sheep and goats, with total 748 livestock farms), fishing (now mostly in lake Volvi) and 
small industries mostly located in the area of Lagkada city, northwest of Lake Koronia. At this point, 
it should be underlined that there are many archaeological sites in the basin, as well as many byzantine 
monuments and traces of villages near the lakes have been found since the Neolithic Era. Macedonian 
Tembi Valley played always a strategic role in history, being the passage for the communication of 
Central Macedonia with East Macedonia and Thrace. However, Lake Koronia has been gradually 
degraded: in 1945 its surface was 4,858 Ha, in 2002 1,925 Ha and in the summer of 2008, there was 
no water surface. Its depth was diminished from 8.5 m in 1977 to 1 m in 2003 and less than 90 cm in 
2004 [8]. 
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Figures 3 and 4: The evolution of the surface of the Lake Koronia 1945-2002 and the great 
number of livestock farms, located mostly northwest of the Lake Koronia and north of Lake 
Volvi 


Lake Koronia suffered from severe environmental degradation: total loss of fish stock and loss of 
wetland birds, due to high concentration of organic and mostly inorganic pollutants. The main reasons 
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and parameters for such phenomena are summarized as follows: the reduction of rainfall during the 
period 1988-1993; the existence of around 3,000 irrigation drills in the area, most of them informal; 
the insufficient irrigation water management, leading to an increase of 23% of water consumption 
during the period 1996-2001; pollution from agricultural chemicals, inorganic pollution from small 
industrial plants operating illegally without wastewater treatment facilities and organic pollution from 
all towns, due to the absence of wastewater treatment plants. It is worth mentioning that pH reached 
a value of more than 10, concentration of Na* was more than 1,200 mg/l, concentration of Cl’ was 
more than 1,300 mg/l, electric conductivity reached a value of more than 6,000 uS/cm and the ratio 
of COD to BOD reached a value of more than 20. In September 2004 all fish died and in October of 
the same year around 30,000 birds also died. 


It is worth underlining that the Management Body of Lakes Koronia and Volvi expressed its positive 
opinion for the operation only of 125 livestock farms out of the total 748 farms, during the process 
for the renewal of their environmental permits, because the proposed wastes treatment measures were 
criticized as not adequate. The great majority of the farms treat their wastes by separating solid from 
liquid, by placing solid wastes in piles, while wastewater is disposed in septic tanks; however, it is 
impossible to achieve effluent standards of less than 1,200 mg/l BOD and 4,500 mg/l COD, since 
influent concentration reaches from 15,000 — 35,000 mg/l BOD, depending on the type of livestock. 
So far, the absence of pollution control measures from public authorities, in combination with the 
costs of anti-polluting methods in livestock farms, are responsible for the current situation, which 
seems to be changing towards efforts of sustainable manure waste treatment and management. A 
possible solution for effective livestock waste treatment in the area of Mygdonia Basin could be 
anaerobic digestion for the production of biogas, with the aim of producing heat and electricity. 


3. SITE SELECTION OF THE BIOGAS PLANT 


3.1 The process of licensing a biogas production plant by anaerobic digestion of livestock 
wastes 

The process of licensing a biogas production plant by anaerobic digestion of livestock wastes and 

other appropriate types of waste involves many steps, as described briefly in the following 

paragraphs: 


e Firstly, a preliminary investigation is needed related to the current land-use patterns in the area or 
the specific land parcel, the possible existence of forest land or archaeological sites, being 
obstacles in the process of licensing. 


e Secondly, a production permit is needed by the Regulatory Authority for Energy if the electric 
power produced is more than 1 MW. 


e Then the environmental permit is achieved, by conducting an Environmental Impact Assessment 
Study, either from the Ministry of Environment and Energy or from the Decentralized 
Administration/Department of Environment and Spatial Planning. The criterion, according to the 
Ministerial Decision 37674/2016, is the influent annual loading of wastes (more or less than 
100,000 t/year for biogas production). 


e Then the installation license is needed offered by the Operator of the Electricity Market. 
e One more installation license is needed by the Regional Veterinary Department. 
e The building permit is needed for the construction of the biogas plant. 


e After the plant is constructed, a license for operation is needed by the Operator of the Electricity 
Market, as well as by the Regional Veterinary Department. 


The whole process needs 2-3 years to be accomplished, if it is taken into consideration that only for 
the environmental permit, 12 — 18 months are needed. Bureaucracy and generally, the operation of 
the public sector, as well as a framework of land-uses that is 31 years-old (Presidential Decree of 
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1987), and cadastre and forest cadastre not yet existing in many areas in Hellas, are major parameters 
that do not aid such investments in renewable energy projects. 


3.2 Criteria set for the site selection of the biogas plant 
For the site selection for a biogas plant by anaerobic digestion of livestock wastes, spatial, legislative, 
social, environmental and economic criteria are proposed to be set [9]: 


e The spatial criterion is related to the need to select a site as far away from the two lakes as possible. 


e Legislative criteria are connected to the joint ministerial decisions already mentioned and the most 
important commitment is that it is not allowed to choose a land parcel in Protection Zones A and 
B. 


e A social criterion is set that the biogas plant should be located at least 1,000 m away from small 
towns and villages. The Special Framework of Spatial Planning and Sustainable Development for 
Renewable Energy Resources [10] defines that Renewable Energy Plants up to 5 MW may be 
located at no minimum distance from settlements and towns, while for industrial plants a 
minimum distance of at least 1,000 m away from towns must be kept, according to Hellenic 
legislation and this was set as a criterion in the case study presented. 


e Environmental criteria are related to a commitment that the biogas plant will be located out of 
areas of the Network “Natura 2000” and out of areas characterized as Wildlife Shelters. 


The economic criterion is related to the distance of the proposed biogas plant from livestock farms, 
according to their livestock capacity, as the more capacity there is an area, the more wastes will be 
produced and the less distance they will be transported to the biogas plant. 


3.3 GIS data setting and processing 
After setting the criteria for the site selection of the biogas plant by anaerobic digestion of livestock 
wastes, the GIS data set is formed and spatial analysis starts: 


e The shapefile “NATURA.shp” is formed by the tool “clip”, using the shapefile of all “Natura 
2000” areas in Hellas and the latter is ‘cut’ in the area of study. The shapefile of all “Natura 2000” 
areas can be found in the web GIS “geodata. gov.gr/maps”. 


e Then the shapefile “LIVESTOCK FARMS.shp” is entered using an available Excel file with 
their coordinates. 


e Zones A and B, which involve protected areas and are excluded as possible areas for the site 
selection of the biogas plant, are introduced by the shapefile “ZONES A B_ merge.shp”, using 
the tool “merge”. 


e Two existing Wildlife Shelters are also introduced by the shapefile “WS_merge.shp”, using again 
the tool “merge”. 


e All zones that should be excluded from possible areas for the site selection of the biogas plant 
(Zone A and B of protection areas, “Natura 2000” areas and Wildlife Shelters) are removed from 
the area of study, the rest of Mygdonia Basin, Zone C, using the tool “erase” and the shapefile 
“ZONE _FINAL.shp” is formed. 


e All towns with their boundaries and with a buffer of 1,000 m around them are introduced by the 
shapefile “TOWNS_WITH_BUFFER.shp” and again by the tool “erase”, the areas of the towns 
with their buffer are excluded and a new shapefile is formed, named 
“ZONE FINAL WITHOUT _TOWNS.shp”. The image formed in the GIS is shown in Figure 5. 


The economic criterion, as already mentioned, is related to the fact that the biogas plant should be 
located next to the majority of the livestock farms, as calculated not only by the number of farms, but 
also by their capacity. For this reason, firstly, the farms in the suitable selected (blue) area are chosen, 
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then the farms nearby this area and finally, the farms with important capacity and density (forming 
groups, because of their density). The result is shown in Figure 6. 
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Figure 5: The GIS map, as formed just before the final economic criterion is taken into 
consideration 


e A new shapefile is formed, with the aid of “ExportData’, which is named 
“LIVESTOCK FARMS _MAJOR.shp” and by taking data from the attribute table, it is revealed 
that the 78% of the total capacity of the livestock farms is selected in this process. 


e [n order to find the best site for the biogas plants, in terms of minimizing total distance travelled, 
the tool “Median Center” is used in order to measure geographic distributions. Thus, a new 
shapefile is formed, named “MEDIAN CENTER.shp”. Consequently, the best site for the 
construction of the biogas plant, according to the economic criterion implemented, covering the 
78% of the total capacity of the livestock farms, is shown in Figure 7. 


e As presented in Figure 7, the best site for the biogas plant, “MEDIAN CENTER’, is located 
outside the suitable (blue) area, which is the outcome of the implementation of the legislative, 
social and environmental criteria. As a result of this, with the tool “Near” the point which is the 
closest to the shapefile “MEDIAN CENTER.shp”, the exact best site for the biogas plant is 
found, taking into account all the criteria set, including the economic one. This point is shown in 
Figure 8. 


Finally, the final site for the biogas plant construction, set by all the criteria mentioned before, may 
be also shown in Google Earth and for this reason, the point is transferred to the system of coordinates 
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WGS 84, with the aid of the tool “project”, in order to change the map projection. At the end, the 
final shapefile may be transformed to a KML file, by using the tool “LAYER to KML.shp”. 
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Figure 6: The livestock farms selected, taking into account the economic criterion described 
4. DISCUSSION AND CONCLUSIONS 


There is an urgent need for Hellas to implement the National Waste Management Plan of 2015, which 
proposes recycling of organic wastes by composting or efficient use for energy production, which is 
also considered to be a renewable energy resource, as it derives from biogas produced by anaerobic 
digestion of the organic wastes. Such methods are important not only because they contribute to 
valorization of bio-wastes and avoid landfilling of them, but also because the also offer solutions in 
waste treatment. Especially for livestock farms, this is crucial because many of them have introduced 
insufficient methods of wastes treatment, with poor results in terms of environmental protection; on 
the other hand, public authorities are more efficient in environmental inspections and new 
technologies, such as drones and satellite images offer new opportunities in environmental 
monitoring, thus, it is much more difficult for livestock farms to support an Environmental Impact 
Assessment or even ensure their operation license. In the case study of site selection of a biogas 
production plant by anaerobic digestion of livestock wastes in the ecologically sensitive area of 
Mygdonia Basin, legislative, social, environmental and economic criteria were set, the data set was 
introduced in the GIS and the best site was calculated. This methodology is based on the crucial data 
of the exact position of all livestock farms, as well as their exact capacity. 
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Figure 7: The best site for the biogas plant, “Median Center”, according to the economic 
criterion of travel — distance minimization 
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Figure 8: The final site for the biogas plant, taking into account all legislative, social, 
environmental and economic criteria 


The following issues should be also underlined, as crucial factors, towards sustainable bio-wastes 
management: 
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It is not obvious how to choose between anaerobic digestion for biogas production and 
composting of livestock wastes, with the former producing energy from renewable resources and 
the latter leading to quality compost, especially in the case of vermicomposting. Although the two 
different processes seem to be competitive, this is not true for two reasons: firstly, because they 
can work in synergy e.g. the remaining organic wastes after anaerobic digestion is finished, may 
be used in a composting or vermicomposting second-phase process, in order to continue wastes 
treatment, thus producing compost for possible use in agriculture; and secondly, because as 
Oikonomot et al. (2014) mention [11], there are many small (less than 150 cattle) livestock farms, 
decentralized, in Hellenic rural and mountainous areas, and in this case composting or 
vermicomposting in each farm may be a more viable solution for effective wastes treatment. On 
the contrary, constructing small low-cost effective biogas plants, decentralized in each farm or in 
a small group of 2-3 farms, might be a more difficult issue to be implemented. 


It is not easy to have an Environmental Impact Assessment study for a biogas plant approved, 
while the land-use system is based on the well-known presidential decree of 1987, when such 
environmental systems did not even exist. A new land-use framework is just about to be enacted, 
however, this is some expectation the last 2-3 years. 


The sustainable model may probably be to construct many biogas production plants, one in every 
livestock farm, with at least 120 cattle or in a small group of 2-3 farms, as it is better to enhance 
effective wastes treatment in the source. This seems to be difficult, as farmers may not be willing 
to invest in such environmental systems or may be difficult to persuade, since environmental 
legislation is not implemented, while environmental inspections are not so often conducted. 


The recent construction and operation of some biogas production plants show that in the 
beginning, investors found it difficult to agree with farmers to take their livestock wastes for their 
plants, as farmers were very suspicious. On the contrary, some other investors offered to buy their 
livestock wastes, leading to a future competition or “stock exchange” of bio-wastes, with negative 
impacts on circular economy. 


Finally, there is not a framework in Hellas to promote the development of small decentralized biogas 
production plants, consequently, up until now the most popular investment amongst them seems to 
be medium-sized biogas plants, leading to the need to transfer bio-wastes from several livestock farms 
to the biogas plants, thus provoking more negative environmental impacts. It is clear that is 
investment is based on profit of the investor and not on sustainable treatment and valorization of 
liquid manure wastes. 
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Abstract 

In this paper, we study the design of a ground source heat pump system (GSHP), which serves both 
a school and an adjacent hotel, to improve the financial performance of the project and minimize the 
impact on the ground source temperature. For the purposes of this study we assume that the GSHP 
provides part of the required heating during the school’s operating months and part of the required 
cooling for a five- month- operating period for the hotel. 


The paper introduces a simple way to estimate the length of the ground heat exchanger (GHE), 
minimizing the total cost of the project. The total cost includes the initial cost composed of drilling, 
excavation, heat pumps and piping network. The operational cost is included to account for the energy 
consumed for the heating and cooling of the buildings. The peak load for each building is calculated 
with the commercial software 4M and the monthly & yearly annual load are calculated with both the 
national calculation tool for building energy performance - TEE KENAK and RETScreen 4. For the 
calculation of the total length of the GHE, the method proposed by ASHRAE and modified by 
Philippe is used. We test multiple scenarios for different thermal load inputs, corresponding to 
different percentages of the heating and cooling demand. The economic viability of the project is 
determined by calculating the Net Present Value of each of the respective scenarios. 


Keywords: Geothermal heat exchanger, Ground Source Heat Pump, RETScreen, Cost optimization 
1. INTRODUCTION 


Energy is the principal motor of macroeconomic growth and development, prerequisite for meeting 
basic human needs, but at the same time a source of environmental stress. Therefore, its proper use 
is a vital component of sustainable development [UNDP, 2002]. 


During an energy project’s lifecycle, environmental impact differs widely. The pollution of the 
atmosphere is primarily caused by the combustion of fossil fuels in energy conversion devices. The 
use of nuclear power raises a number of concerns, such as annual generation of 20-30 tons of high- 
level nuclear waste [Smith et al, 2017]. The use of biomass for energy has to compete with food 
production. Other renewable energy sources such as solar and wind have implications for land-use 
[Jenkins, 2015]. Geothermal energy is a renewable energy source which is not bound by the above 
limitations. 


In particular, ground coupled (or ground source) heat pump systems (GSHP) are among the best 
renewable energy technologies. In 2015, geothermal energy contributed to around 3% of total primary 
production of renewable energy in the EU-28 countries [Eurostat, 2016]. With regard to other 
geothermal applications, they have the largest annual energy production and installed capacity 
worldwide, (55.15% and 70.90% respectively). The installed capacity is 50,258 MWt and the annual 
energy production is 326,848 TJ/year, with a capacity factor of 0.206 (in the heating mode) [Mac- 


905 


Soft and renewable energy sources 


Lean et al, 2018]. Although most GSHP systems have been installed in North America, Europe and 
China, the number of countries using the technology increased from 26 in 2000 to 43 in 2010 and to 
48 in 2015 [World Energy Council, 2016]. Additionally, according to the International Energy 
Agency (IEA) geothermal energy could account for around 3.5% of annual global electricity 
production and 3.9% of energy for heat (excluding ground source heat pumps) by 2050 [Eurostat, 
2016]. 


The underground heat exchanger of GSHP systems is composed of one or several vertical boreholes, 
typically 10-15 cm in diameter and 80-200 m long. In each borehole, a U-tube is inserted and 
connected to the HP (Heat Pump). The fluid circulates in the U-tubes to diffuse heat into the ground 
in cooling mode or to extract heat from the ground in heating mode. The design of GLHE (Ground- 
Loop Heat Exchangers) systems requires a forecast of the fluid temperature reached at any time 
during the exploitation of the system; that temperature is a function of the building variable needs 
and of the GLHE design and operation. The goal is to ensure that the HP capacity and specifications 
are neither exceeded nor underexploited. 


2. METHODOLOGY 


The total cost of the project is obtained by summing the operating costs and the initial capital invested. 
Every annual money flux is converted into its present value, by means of the pertinent well-known 
formula. 


2.1 Operating cost 

The operating cost is the cost of the energy, which is consumed by the heat pump, the heat transfer 
fluid circulation pump and the backup heating and cooling system. The substantial factor determining 
the overall behaviour of the shallow geothermal installation is the seasonal heat pump performance. 
During the heating period, GHP consumes electricity (Qup) to pump heat from the ground (Qa). The 
sum of Qc and Qup is delivered to the building. In a similar way, during the cooling period, GHP 
consumes electricity (Qup) to pump heat from the interior of the building (Qs) and to deliver it to the 
ground (Qc). The mathematical description for the heating and cooling period respectively takes the 
form: 


Qh = Qah + Quph (kW) (1) 
Qcc = QBc = Qupc (kW) (2) 


From its definition, the efficiency coefficient of the heat pump is mathematically described by the 
relationship: 


COP= Qs / Que (3) 


The Coefficient Of Performance (COP) of the heat pump usually results as a function of the fluid 
inlet temperature of the pump and is provided by the manufacturers. 


2.2 Initial cost 
The initial cost is the sum of the costs of the heat pump, drilling, excavation and piping: 


Cinitiat = Cup + Cari + Cex + Cripe (4) 


The heat pump purchase cost is a function of the maximum heating load that could be delivered to 
the building by the heat pump. The heat pump cost is evaluated by the following empirical formula: 
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Cup = 0.0443 * Qneat? + 455.63 * Qheat (5) 


where Qheat is the capacity of the heat pump [kW]. Drilling cost depends on the number of the 
boreholes and their depth. For our study the cost per meter was assumed 35 €/m with the mathematical 
description: 


Cariu = 35N; N,H (6) 


Nx equals to the number of boreholes in the x axis, Ny equals to the number of boreholes in the y axis 
and H is the depth of the borehole. 


Excavation is required in order to install the borehole-connectcting pipes. The evaluation of the 
excavation cost was performed considering that one trench is needed for every row in the x-direction 
to link the boreholes together. In the present work, we used trench dimensions of 0.6 m width and 1.2 
m of depth. So, the excavation cost could be evaluated by: 


Cex = 9.6[Ny(NyB) + (NyB)] (7) 


Piping cost depends on the length needed. Since the diameter of each pipe might be different, their 
actual cost per unit length would likely be different. Therefore, the cost for the piping is: 


Cyipe = 2 * 3 * [N,NyB + NyB + N,NyH] (8) 
3. CALCULATION OF THE LENGTH OF A GEOTHERMAL HEAT EXCHANGER 


To determine the length of the geothermal heat exchanger we use the equation proposed by ASHRAE 
and modified by Phillipe and Bernier [ASHRAE, 2009]. This method, based on Kavanaugh and 
Rafferty's work, requires the peak load, the maximum average monthly load, and the average annual 
load provided by the geothermal heat exchanger. The peak load of each building was calculated, 
based on the design study of the existing heating system, following the ASHRAE specifications, 
while the maximum average monthly load and average annual load were determined by means of the 
national (Greek) calculation tool for building energy performance TEE-KENAK. To ensure speed in 
the calculations, according to Kavanaugh and Rafferty - as amended by Bernier - we use the 
mathematical expression below: 


_ QR; + G Roy + aR + Fier 


E 
T, -(T, +T,) (9) 


Where L = total drilling length (m), Tm = average fluid temperature in the borehole (°C), Tg = 
undisturbed ground temperature (°C) and Tp = temperature effect - representing the correction of Tg 
due to thermal interference between boreholes (°C). Temperatures can be conveniently measured in 
°C, since temperature differences have the same value in °C and K. Moreover, qy, qm and qn are equal 
to the annual average ground load, the highest average monthly ground load and the peak hourly 
ground load, respectively, measured in W. Equation 1 is based on the worst-case scenario represented 
by three successive thermal pulses with durations corresponding to 10 years, one month, and six 
hours, as shown in Figure 1 [Philippe et al, 2010]. 


Rioy, Rim, Ren represent soil thermal resistance for soil loads corresponding to 10 years, one month 
and six hours (m-K/W). They are expressed as follows [Philippe et al, 2010]: 
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Figure 1: Three consecutive ground load pulses (source: Philippe, 2010) 


Ron = G (aten / 1’bore) (10) 
Rim= Z [ G (atim+6h / fae) -G (ateh / tote )] (dl 1) 
Rioy= ; [ G (Qtioy+1m+6h / tie ) -G (Otim+6h / toe) (12) 


G-function represents the cylindrical heat source solution, k is the ground thermal conductivity (W-m" 
LK), ais the ground thermal diffusivity (m?-day"!) and rbore is the borehole radius (m). 


The cylindrical heat source solution is strictly valid for one-dimensional (in the radial direction) 
transient heat transfer. As mentioned by Philippe et al (2010), Eskilson (1987) has shown that axial 
effects start to be significant, after a time period equivalent to H 7//(90a), where H is the borehole 
depth. The error introduced when using the cylindrical heat source has been calculated by Philippe et 
al (2010). 


Based on these results, it appears that the axial effects are only significant for the Rioy term and that 
the error remains below 5% for typical values of thermal diffusivities. More accurate solutions, such 
as the two-dimensional finite line source model could be used [Eskilison, 1987]. 


The resulting deliverable is the number NB of boreholes that can be constructed in the available area, 
while the entire calculation procedure follows specific constraints concerning the Tp correlation, 
which is valid between adjacent boreholes. 


The constraints are: 


-2 < In (t/t) <3 (13) 
4 < NB <144 (14) 
1<A<9 (15) 
0.05<B/H<0.1 (16) 
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where B is the distance between successive drillings, based on the available ground surface 
(considered as rectangular) and A the ratio of drillings’ numbers along its two dimensions. 


3.1 Optimization procedure 

With the above methodology, we have determined the length of the geothermal heat exchanger for 
each building. To deliver the optimal drilling field covering both buildings, we have explored the cost 
of installing the system to cover different percentages of the peak load (ranging from 10% to100%). 
We have used the RETScreen 4 software to determine the relationship between power and total 
energy production for each case, the TEE-KENAK software to calculate the energy demand. The 
optimization methodology is based on the one presented by Gaitanis et al (2014). 


4. CASE STUDY 


A school and a hotel nearby were chosen [Vlachos, 2017]. The two-storey school has rectangular 
shape, with dimensions 33.14 x 12.00 m (Figure 2). The four-storey hotel has square shape with 
dimensions: 15.55x15.00 m (Figure 3). Both buildings have an inclined tiled roof and the internal 
height of each floor is 3.00 m. The school building is north to south oriented. Both buildings are 
located in Paramythia (NW Greece), which belongs to climate zone C. The total area of the structural 
elements of the buildings in the four main orientations, the heat transfer coefficient of each element 
as well as the average heat transfer coefficient of the building are presented in Tables 1 and 2. 


KATOWH IZOFEIOY 


Figure 2: Plan view of the school (Spyropoulos, 2012) 


Table 1: Heat transfer coefficients of the School building per structural element and 


orientation 
Sensation Area (mô) and orientation of the element Heat transfer 
North South East West coef. (W/mK) 
Masonry walls 201.15 214.51 121.60 121.60 5.20 
Reinforced concrete 50.33 74.41 58.02 58.02 4.40 
Windows 57.51 98.85 18.82 24.5 4.10 
Doors 3.01 8.25 0.00 0.00 5.00 
Masonry wallsab 53.8 30.22 0.00 0.00 3.10 
Reinforced concreteap 21.4 20.11 0.00 0.00 2.80 
Floor 1053.64 3.75 
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Figure 3: Plan view of the typical floor of the hotel (Spyropoulos, 2012) 


Table 2: Heat transfer coefficients of the hotel building per structural element and orientation 


Area (m?) and orientation of the element Heat transfer 
Structural element 2 
North South East West coef. (W/mK) 
Brick walls 133.15 134.17 182.34 149.53 0.59 
Reinforced concrete 45.21 44.19 81.55 35.61 0.62 
Windows 0.00 52.70 50.16 44.55 3.40 
Doors 3.01 0.00 32 0.00 2.20 
Brick wallsab 0.00 0.00 0.00 0.00 0.39 
Reinforced concreteab 0.00 0.00 0.00 0.00 0.48 
Floor 1234 0.54 


In Tables 1 and 2, index ab indicates structural element above non-heated space. The large differences 
in heat transfer coefficients of the two buildings is due to the following reason: The structural 
elements of the school, which was built in 1937, are not insulated and its windows are single-glazed. 
On the contrary, the hotel bears insulation and double-glazed windows. 


5. RESULTS 
First, we checked each building separately. Results regarding the number of required boreholes and 


the total borehole length appear in the diagrams of Figures 4 and 5. It is clear that the heating 
requirements are larger. 
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Figure 4: Number of boreholes considering the two buildings separately 
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Figure 5: Total drilling length considering the two buildings separately 


Then we turned to the combined heating-cooling system and we checked the following combinations 
in order to select the optimal one (C stands for cooling and H for heating): 


e C100 %-H70% C90% - H70% C80% -H60% C70% - H50% 
e C60%- H40% C50% - H30% C40 % - H30% C30% - H20% 
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These combinations ensure minimum long-term temperature change of the ground. Among them, we 
try to find the one with the smallest cost (for a 20-year period), taking into account the auxiliary 
heating and cooling sources. 
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Figure 6: Number of boreholes for the combined heating-cooling system 
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Figure7: Total borehole length for the combined heating-cooling system 


In the diagrams of Figures 6 and 7, the required number of boreholes and the total borehole length 
for the combined heating-cooling system are presented. Comparative results regarding the total cost 
for the 20 year period appear in Table 3 and in the diagram of Figure 8. It can be concluded that the 
combination C50-H30 is the optimal one. 
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Table 3: Aggregated financial results of possible final installation and operating combinations 
over 20 years 


Total Cost 


480,000 
440,000 
400,000 
360,000 
320,000 
280,000 
240,000 


200,000 E Total Cost 
160,000 


120,000 
80,000 
40,000 


Figure 8: Total cost for the 20-year period 
6. CONCLUSIONS 


One of the main barriers to the penetration of renewable energy sources, such as GSHP, is the high 
initial cost, the recovery of which can be achieved in the long run due to the low operating cost. 
Sharing the initial cost to installations that operate in different periods of the year and in different 
modes, can improve the GSHP financial performance. In this paper, we have studied a GSHP serving 
both a school and a hotel, operating during the heating and the cooling period respectively. Our results 
show that the best financial results are achieved, when the GSHP system is planned to cover 50% of 
the cooling demand and 30% of the heating demand, with minimum change of the ground 
temperature. While these results are site-specific, the proposed methodology can be easily applied to 
other cases with different climate, building and ground features. 
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Abstract 

Offshore wind energy presents an abundant renewable energy source that can contribute to the 
satisfaction of the European Union’s energy policy targets. Although nowadays large-scale Offshore 
Wind Farms (OWFs) have been commercially deployed in shallow waters areas, the existence of 
stronger and more consistent wind fields in offshore areas of deeper waters has triggered the 
development of floating Offshore Wind Turbines (OWTs) of large capacity and has very recently 
lead to the installation of the first pilot floating OWF. Greece is a Mediterranean country with a vast 
wind energy potential at specific marine areas characterized by deep-water conditions. Thus, the 
potential of deploying floating OWFs should be considered and examined. 


Motivated by this, the aim of the present paper is to determine the economic feasibility of a floating 
OWF in Greece. The proposed OWF is considered to be deployed at a marine location in the north- 
central Aegean (east of Mykonos island), which satisfies specific sitting criteria, and it is designed to 
cover the annual energy demands of Mykonos, Delos and Rhenia islands. For the development of the 
proposed investment, two alternative scenarios are examined, by modifying the number and the rated 
power of the OWTs, as well as the distances between them. The 1“ scenario corresponds to an OWF 
with 11 floating OWTs (spar buoy floating platform) of 33 MW total rated power, while the 2™ one 
to an OWF with 7 floating OWTs (spar buoy floating platform) of 35 MW total rated power. The net 
annual energy production of the two alternative scenarios is estimated considering wake losses, 
electrical losses and OWTs’ availability. Wake effects are estimated using Jensen’s model. The 
selection of the best scenario is based on the comparison of the Levelized Cost of Energy (LCOE) of 
the two alternatives. The finally selected scenario (1*' scenario) is evaluated using the net present 
value method, the internal rate of return and the payback period of the investment. 


The results indicate that the most important parameter affecting LCOE and, therefore, determining 
the final investment decision between the two proposed alternative scenarios, is the OWF’s capacity 
factor. Moreover, the results of the economic analysis/evaluation of the finally selected scenario 
clearly illustrate the economic sustainability of the proposed OWF and, therefore, its potential for 
covering effectively the annual energy demands of the examined islands. 


Keywords: Floating offshore wind farm, Levelized cost of energy, Investment evaluation, Net 
present value, Internal rate of return 


1. INTRODUCTION 
The recent vast industrialization, the increasing population trends and, therefore, the increasing 
energy demands have led the governments worldwide to search for renewable energy resources, in 


order to reduce the dependence on fossil fuel and support environmental sustainability. It is essential 
for the power generation industry to face the daunting challenge in meeting global energy needs, 
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which will double globally and triple in developing countries by 2030. The solution to the power 
generation problem may be given by the exploitation of appropriate wind power generation systems, 
which have been already used since 1970s (Kaldellis and Za, 2011). Such systems providing not only 
a wide range of environmental benefits, but constituting an attractive techno-economical solution to 
the power generation problem are, nowadays, of particular interest. 


Wind power generation systems, mostly known as wind farms, are utilized onshore or offshore. 
Though they have higher capital costs than onshore wind farms, Offshore Wind Farms (OWFs) have 
attracted great interest recently, as they allow the generation of large amounts of electricity from wind 
energy (IRENA, 2012). Offshore, average mean wind speeds tend to be higher than onshore; 
therefore, the electricity output can be increased by 50% compared to onshore wind farms (Li et al., 
2010). Additionally, going offshore enables turbines to be installed in plentiful numbers without the 
planning and space constraints found onshore (Tong, 1998). Ultimately, OWFs will allow a much 
greater deployment of wind in the longer-term. At the end of 2017, Europe has a total installed 
offshore wind capacity of 15.78 GW corresponding to 92 OWFs located mainly in the coastal and 
offshore areas of Northern Europe (EWEA, 2018). Greece, contrary to the northern European 
countries, has not yet begun to exploit its offshore wind energy potential. In the framework of 
supporting the future development of Greece’s offshore wind policy, a feasibility study of an OWF 
located in the Greek seas is of significant importance. 


A feasibility study aims to uncover objectively and rationally the strengths and weaknesses of a 
proposed project, the opportunities and threats existing in the natural environment, the resources 
required to carry through, and ultimately the prospects for success (Georgakellos and Marcis, 2009). 
In its simplest terms, the two criteria to judge feasibility are cost required and value to be attained 
(Young, 1970). Many authors have already conducted feasibility studies for offshore wind farms 
(Pantaleo et al., 2005; Ozerdem et al., 2006; Kim et al., 2013; Satir et al., 2018). Konstantinidis et al. 
(2014) implemented a viability analysis of an OWF in the Greek sea area based on a techno- 
economical study. Using the software RETScreen, the annual energy generation was estimated. 
Followed by the cost estimation, the investment’s viability was investigated using the Net Present 
Value (NPV), the Internal Rate of Return (IRR), the Benefit to Cost Ratio (BCR) and the Cost of 
Energy (COE). 


In the present paper, a techno-economic feasibility analysis of a floating OWF in Greece is presented. 
The proposed OWF is considered to be deployed at a marine location in the north-central Aegean 
(east of Mykonos island), which satisfies specific sitting criteria, and it is designed to cover the annual 
energy demands of Mykonos, Delos and Rhenia islands. For developing the proposed investment, 
two alternative scenarios, that differ in terms of the number of Offshore Wind Turbines (OWTs), the 
OWTs’ rated power and the distances between OWTs, are proposed and examined. The choice of the 
best solution is based on the comparison of the Levelised Cost of Energy (LCOE) of the two 
alternative scenarios. The scenario, finally, selected is financially evaluated using the NPV method, 
the IRR and the Payback Period (PP) of the investment. 


2. SITE SELECTION AND TECHNICAL DESCRIPTION 


2.1 Site Selection 

In the present paper, the OWF is proposed to be installed at a marine area located in the north-central 
Aegean and, more specifically, east of the Mykonos island (Figure 1), 42 km from the existing port 
of Mykonos. The coordinates (based on the Hellenic Geodetic Reference System 1987) of the specific 
quadrilateral polygon ABCD (Figure 1), where the OWF is proposed to be installed, are shown in 
Table 1. The proposed area has been selected based on the results of Vasileiou et al. (2017), where a 
GIS-based multi-criteria decision analysis for the site selection of hybrid offshore wind and wave 
energy systems in Greece has been implemented. According to that study, the proposed marine area 
can be considered eligible for the deployment of an OWF, since it does not satisfy a set of exclusion 
criteria related to: (a) utilization restrictions imposed by human activities and environmental 
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constraints (e.g. the specific site does not correspond to an area for military operations or 
hydrocarbons’ exploration/exploitation and or to a marine protected area), (b) economic/technical 
constraints (i.e. mean wind speed is larger than the threshold of 6 m/s, water depth is smaller than the 
threshold of 500 m) and (c) social implications (i.e. the distance from the shore of the selected area 
is larger than the threshold of 25 km). Moreover, the selected area is characterized by significant wind 
speeds (6-8 m/s, 10 m above the mean water level) and water depths (60-200 m) that advocate the 
deployment of a floating OWF (Vasileiou et al., 2017), while the recent development of electricity 
transmission infrastructure between Mykonos and mainland, through the Tinos and Andros islands, 
may contribute to costs’ reduction. 


Figure 1: Marine area in the north-central Aegean (red sign) for the deployment of a floating 
OWF 


Table 1: Exact coordinates of the polygon, where the OWF is proposed to be installed 


Point Easting Northing 
A 641680 414974 
B 645040 414974 
C 645040 413406 
D 641680 413406 


Wind data, consisting of wind speeds and wind directions, is of significant importance for the Annual 
Energy Production (AEP) calculations. In the present paper, due to lack of field data for the selected 
marine area, the required wind data were obtained from the Global Wind Atlas using WaSP software 
(Mortensen et al., 2011). Based on this data, in the examined marine area winds of northern direction 
mainly exist, while the average annual wind speed, 100 m above the mean water level, is between 7.4 
m/s and 8.5 m/s. 


2.2 OWF Scenarios 

In the present paper, two alternative scenarios (S1 and S2) of a floating OWF, covering the annual 
needs of the islands of Mykonos, Rhenia and Delos, are examined. Specifically, based on the wind 
conditions of the selected marine area, the examined scenarios are formed by deploying two different 
types of WTs: (a) the WT V112-3 MW (Vestas SA) and the WT G128-5 MW (Gamesa Corp.), which 
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is suitable for windier sites with an average wind speed at the hub height up to 8.5 m/s. The 
aformentioned types of turbines have 112 m and 128 m rotor diameter and 3 MW and 5 MW rated 
power respectively. The hub heights above the mean water level are taken equal to 94 m and 95 m 
respectively. Considering a mean capacity factor of around 40% (Dodson et al., 2005), the AEP for 
each WT is estimated equal to 10512 MWh/year and 17520 MWh/year respectively. Based on these 
values and aiming at covering the annual energy demand of Mykonos, Rhenia and Delos, which for 
the year 2013 was 113000 MWh (RAE, 2013), the number of WTs required for each examined 
scenario is, then, defined. The corresponding results are shown in Table 2. It is noted that for both 
scenarios, a spar-buoy floating platform is seleted as the supporting structure of each OWT. 


Table 2: Technical characteristics and AEP of the examined OWF scenarios 


Examined Type of WT Number of OWF total rated power AEP estimation 
scenario yp WTs (MW) (MWh/year) 
S1 V112-3 MW 11 33 115632 
S2 G128-5 MW 7 35 122640 


In both scenarios, the WTs are organised into two rows, as shown in Figure 2. As a rule of thumb, the 
distance of the WTs in an OWF is taken between 5 and 9 rotor diameters along the prevailing wind 
direction, and between 3 and 5 diameters in the direction perpendicular to the prevailing winds. Based 
on the above, for each examined scenario the in-between distances of the WTs are taken equal to 7 
rotor diameters along the north direction (prevailing wind direction) and 5 rotor diameters in the 
direction perpendicular to the prevailing winds, as shown in Figure 2. Finally, it is assumed that there 
is no need for an offshore substation due to the low capacity of the proposed floating OWF. 


S1: V112-3MW À $2: G128-5MW À 
WT1 WT2 WT3 WT4 wis WT6 WT1 WT2 WT3 WT4 
© O O O 0 O 10 O O O 
784 WT7 WT8 WT9 WT10 WT11 896 WTS WT6 WT7 
+O O O O O 4+ O O O 
+— 560 —+—560 —}—_ 560 —+— 560 ++ + 640 —+— 640—++ 
2800 + 1920 ——_++ 


Figure 2: Distances (m) between the WTs for the examined scenarios 


2.2 Energy Production 

In the present study, gross AEP for each WT is estimated considering the Weibull distribution of the 
wind obtained by WaSP (Mortensen et al., 2011), along with the power curve of the WT selected for 
each scenario. As for the net AEP, this quantity is estimated by calculating losses due to wake effects 
according to Jensen’s model (Jensen, 1983), where the frequency of wind direction is taken into 
account. The corresponding results are presented in Table 3. 


It should be mentioned that the wind data obtained from the Global Wind Atlas and used for 
calculating the net AEP values of Table 3 (111113.60 MWh/y and 104450.56 MWh/y for S1 and S2 
respectively) are based on onshore measurements. However, in the marine site, where the OWF is 
proposed to be installed, obstacles in the prevailing wind direction contrary to an onshore site do not 
exist. Therefore, the mean wind speed at the examined area is expected to have a bit larger values 
than the ones obtained from the Global Wind Atlas. This is also confirmed by RAE statistics, where 
the mean wind speed at the examined area appears to be 10% larger than the mean wind speed 
obtained from the Global Wind Atlas. Thus, combining all the above, a correction of the net AEP 
values of Table 3 is required in order to account for larger mean wind speeds. In the light of the above, 


918 


Protection and restoration of the environment XIV 


a conservative 24% increase of the net AEP is assumed in the present study. Moreover, considering 
95% availability of the floating OWF and annual electrical losses equal to 2%, the final net AEP for 
scenarios S1 and S2 is estimated to reach 128275 MWh/year and 120583 MWh/year respectively. 
Based on the above, the capacity factor for scenarios S1 and S2 is evaluated to be equal to 44% and 
39% respectively, which correspond to quite conservative values. 


Table 3: Gross and Net AEP for each floating OWF scenario 


Scenario I (33 MW) Scenario 2 (35 MW) 
WT eet Net AEP | Losses WT pa Net AEP | Losses 
No. (MWh/y) (MWh/y) | (%) No. (MWh/y) (MWh/y) (%) 
WTl 10956.84 3.18 WTl 16007.27 3.24 
WT2 10415.92 7.96 WT2 15191.38 8.17 
WT3 10132.66 10.46 WT3 14892.52 9.98 
WT4 10096.27 | 10.79 WT4 SERN 15100.09 8.72 
WT5 10147.85 10.33 WT5 14722.82 11.01 
WT6 ARN 10352.57 8.52 WT6 14254.19 13.84 
WT7 10116.02 10.61 WT7 14282.29 13.67 
WT8 9768.25 13.68 
WT9 9677.20 14.49 
WT10 9664.23 14.60 
WT11 9785.80 13.53 
Total 124484.83 | 111113.60 | 10.74 | Total 115804.50 | 104450.56 9.80 


3. FINANCIAL ANALYSIS/EVALUATION 


For realizing an economical sustainable OWF project, the OWF should be capable of producing 
energy not only in a long-term, but also in a cost-efficient manner. As a result, a financial 
analysis/evaluation is necessary to illustrate the viability of the proposed OWF, by taking into account 
the energy production cost as well as the market value of the generated energy (Manwell et al., 2009). 
In the present study, a financial analysis of the two floating OWF scenarios is implemented to define 
the most profitable solution by estimating the Levelized Cost of Energy (LCOE) for each scenario. 
The finally selected scenario is, then, evaluated using the Net Present Value (NPV) method, the 
Internal Rate of Return (IRR) and the Payback Period (PP) of the investment. The procedure followed 
is briefly described in Figure 3. 


For both scenarios, LCOE is calculated considering Capital Expenditure (CapEx), Operational 
Expenditure (OpEx) and the Net AEP (Myhr et al., 2014). In the present paper, CapEx including the 
construction financing, development costs and operational capital besides the investment, is estimated 
based on Mone et al. (2015) and Heidari (2017). Regarding OpEx, this is rarely reported by 
developers, so, high amount of uncertainty applies due to lack of empirical data. In this study, 
investment costs are estimated based on personal communication with a representative from Athens 
Business Consulting-ABEC LP. In the following paragraphs the results of the economic 
analysis/evaluation are presented. 
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3.1 CapEx and OpEx Estimation 

CapEx estimation for both floating OWF scenarios is presented in Table 4. The estimated turbine cost 
includes the tower and the Rotor-Nacelle-Assembly (RNA) cost. Insurance and contingency are 
considered to be equal to 1% and 9% of the CapEx respectively, according to usual practices. 


LCOE 
accepted 


LCOE calculation for 
scenarios S1 & S2 


Best investment 


Comparison of the two 
investments scenarios 
(LCOE1 vs LCOE2) 


COST ESTIMATION 
LCOE EVALUATION 


Final evaluation of the best investment scenario 
(NPV method, IRR and PP of the investment) 


Cash flow of the investment scenario 
and other financial factors 


FINANCIAL 
EVALUATION 


Figure 3: Procedure followed for the financial analysis/evaluation of the examined OWFs 


Table 5 presents OpEx estimation for the two proposed scenarios considering maintenance as a 
percentage of the CapEx assets. Annual transportation costs, personnel costs and overheads are 
considered similar to both scenarios due to the small difference of the OWF capacity between the two 
proposed scenarios. Overheads refer to costs related to the incorporated joint venture that will be 
established for the purposes of the proposed project. 


Table 4: CapEx breakdown for both scenarios 


Scenario S1 Scenario S2 
Percentage Percentage 
CapEx Breakdown | ceri € of total | EMW € of total 
CapEx CapEx 
Project development | 74250 2450250 3 72381 2533327 3 
Turbine 990000 | 32670000 40 940950 | 32933250 39 
Substructure 396000 | 13068000 16 410158 | 14355519 17 
Mooring system 49500 1633500 2 48254 1688885 2 
n neem 321750 | 10617750 13 289523 | 10133308 12 
Installation 396000 | 13068000 16 410158 | 14355519 17 
Insurance 29700 980100 1 24127 844442 1 
Other 0 0 0 0 0 
Contingency 222750 | 7350750 9 217142 | 7599981 9 
Total CapEx (€) 2475000 | 81838350 100 2412692 | 84444231 100 
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Table 5: OpEx breakdown for both scenarios 


Scenario S1 Scenario S2 
OpEx Breakdown | Asset | Maintenance | Maintenance | Asset | Maintenance | Maintenance 
(€/MW) | (% of asset) | (€/MW/year) | (€/MW) | (% of asset) | (€/MW/year) 
Project development | 74250 0 0 72381 0 0 
Turbine 990000 2 19800 940950 2 18819 
Substructure 396000 1 3960 410158 1 4102 
Mooring system 49500 1 495 48254 1 483 
eee te, Oto) 3 9653 289523 3 8686 
Installation 396000 1 3960 410158 1 4102 
Insurance 29700 0 0 24127 0 0 
Other (0) 0 0 0 0 0 
Contingency 222750 0 0 217142 0 0 
Total Maintenance 37868 36190 
Insurance 24750 24127 
Transportation 191 191 
Personnel 10730 10117 
Overheads 1515 1429 
TOTAL OpEx (€) 82560 72054 


3.2 Final Investment Decision 

The selection of the final investment decision is based on the LCOE calculation for both scenarios 
for the whole life-cycle of the OWF, which in the present study is taken equal to 25 years (5 years for 
licensing procedures, design and construction and 20 years for operation). LCOE is calculated 
considering the sum of lifetime discounted generation costs and the sum of discounted lifetime 
electricity output, which is the net metered output after all losses. Equity and debt are taken equal to 
30% and 70% of the total financing respectively, considering a 5-year grace period for loan 
repayment. Cost of equity is evaluated using the Capital Asset Pricing Model (CAPM), which 
estimates the cost of equity by adding the risk-free rate with an additional premium for exposing the 
investment to systematic risk. In the present study, cost of equity and cost of debt are taken equal to 
14.5% and 9% respectively, and the corporate tax rate is considered to be 34% according to the 
national taxation (2017). Table 6 presents the results of the LCOE for both scenarios. 


Comparing LCOE1 with LCOE2, it is obvious that scenario S1 should be selected as the final 
investment decision; namely, the floating OWF consisting of 11 WT (V112-3 MW) of 33 MW total 
rated power. The main characteristics of this scenario are summarized in Table 7. The aforementioned 
result is supported by the fact that the net capacity factor of S1 (44%) is larger than the net capacity 
factor of S2 (39%), while both scenarios have almost the same costs over lifetime (Tables 4 and 5). 


Table 6: LCOE for both scenarios 


Scenario S1 Scenario S2 
LCOE Breakdown | (MWh) | Percentage of | 7 COE Breakdown | (€/MWh) | Percentage of 
LCOE LCOE 
CapEx 71.78 77.17% CapEx 78.70 77.35% 
OpEx 21.24 22.83% OpEx 23.04 22.65% 
LCOE1 (€/MWh) 93.02 LCOE2 (€/MWh) 101.74 
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Table 7: Final investment decision (scenario S1) 


Investment Decision 
Type of WT V112 (Vestas) 
Rated Power (MW) 3 
Number of WT 11 
Total Rated Power (MW) 33 
Net AEP (MWh/year) 128271 
Capacity Factor (%) 48 
CapEx € 81838350 
OpEx € 2724471 
LCOE (€/MWh) 93 


3.3 Financial Evaluation 

Financial evaluation for the final investment decision (Scenario S1, Table 7) is implemented through 
NPV, IRR and PP, considering 8.51% weighted average cost of capital, 2% inflation rate and 25 years 
life cycle duration. Revenues are calculated per year considering the electricity price to be 0.185 
€/KWh (Feed in Tariff) for an OWF, according to Europe pricing for offshore electricity production. 
The net cash flow of the investment was calculated per year and it was, then, transformed in present 
values to calculate the cumulative cash flow presented in Figure 4. 


ti 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
years 


Figure 4: Cumulative cash flow of the final investment decision 


As presented in Figure 4, the first 5 years of operation lead to a negative balance resulting in a 5-year 
PP of the proposed investment. The NPV of the proposed investment is 175878564 € and IRR is 
10.1%. The aforementioned results show that the proposed investment is viable since the NPV is 
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positive and the IRR is larger than the interest rate (8.51%). For Feed in Tariff value less than 0.101 
€/KWh the proposed investment is unviable, since such values lead to negative NPV. 


4. CONCLUSIONS 


In the present study, the economic feasibility of a floating OWF near Mykonos, in the Aegean Sea, 
in Greece, for electricity production to cover the annual demands of Mykonos, Rhenia and Delos, is 
implemented. Two alternative scenarios (S1 and S2) are investigated, by modifying the number and 
the rated power of the OWTs, as well as the distances between them. In the case of scenario S1, the 
proposed OWF consists of 11 floating OWTs (spar buoy floating platform) of 33 MW total rated 
power, while scenario S2 corresponds to an OWF with 7 floating OWTs (spar buoy floating platform) 
of 35 MW total rated power. 


Initially, the net AEP for the two alternative scenarios is estimated considering wake losses, electrical 
losses and OWTs’ availability. Specifically, the net AEP of S1 and S2 is estimated to reach 128275 
MWh/year and 120583 MWh/year respectively, leading to a net capacity factor equal to 44% (S1) 
and 39% (S2). The calculation of the CapEx, OpEx and LCOE of the two scenarios follows. In the 
case of S1, LCOE is equal to 93.02 €/MWh, while for S2 it is 101.74 €/MWh. By comparing the 
LCOE of the two alterative scenarios, S1 is finally selected to be further financially evaluated using 
the NPV, the IRR and the PP of the investment. The NPV for this scenario corresponds to a positive 
number, equal to 175878564 €, indicating the sustainability of the proposed investment. Furthermore, 
the IRR is 10.1%, which is larger than the weighted average cost of capital (8.51%). Therefore, the 
viability of the proposed OWF can be demonstrated. Finally, the payback period of the proposed 
investment corresponds to 5 years. 


The results indicate that the capacity factor is the most important parameter affecting LCOE and, 
therefore, determining the final investment decision. Moreover, the results of the economic 
analysis/evaluation of the finally selected scenario clearly illustrate the economic sustainability of the 
proposed OWF and, its ability for covering the annual energy demands of the examined islands. 
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Abstract 

Solar energy is practically an inexhaustible, clean source of energy. In order to produce multi- MW 
electricity from solar energy, large capacity facilities are required, that occupy wide installation areas. 
Therefore, an important prerequisite at an early stage of the realization of a multi-MW solar energy 
project is the availability of suitable, large-size, surface areas. In countries, such as Greece, which 
have quite limited land area, with a significant proportion allocated for agriculture, protected forests 
and for other land uses, the deployment of floating photovoltaic systems in closed water bodies to 
harness solar energy presents a potential, attractive, alternative solution. 


Motivated by this, the aim of the present paper is to propose, develop and investigate the feasibility 
of a Floating Photovoltaic power generation System (FPVS) in a lake in Greece. For this purpose, the 
Polyfytos artificial lake in North Greece is selected, considering environmental/legal restrictions and 
the available lake’s surface size. This selection is further supported by the satisfaction of other site- 
selection criteria related to economical/technical parameters. The exact installation location of the 
FPVS in the lake is defined considering, mainly, minimization of visual impacts and shading effects 
from the surrounding mountains, as well as easy accessibility facilitating maintenance actions. A 
FPVS of 2 MW power capacity is proposed, so that the electricity demands of the neighboring villages 
can be met. This FPVS is preliminary designed by defining its geometrical and technical 
characteristics. For increasing the power production of the proposed FPVS, smart technologies are 
integrated within its design (i.e. use of tracking system), exploiting the advantage of the FPVS’s 
deployment in a water body. Finally, the economic performance of the proposed FPV power 
generation system in terms of levelized cost of energy is estimated by calculating and assessing 
construction, operation and maintenance costs. 


The results of the present paper illustrate that the proposed FPVS deployed in the Polyfytos Lake in 
Greece has the potential to present a viable economic solution for covering effectively the energy 
demands of the neighboring areas. Moreover, the development of a FPVS over a water reservoir has 
a significant positive effect (increase) on the electricity production effectiveness compared to a land- 
based PV power generation system, since in the case of a FPVS smart technologies can be more 
efficiently applied. 


Keywords: Floating photovoltaic power generation system, Greece, Lake, Financial analysis, 
Levelized cost of energy 


1. INTRODUCTION 
Solar energy is practically an inexhaustible, clean source of energy. For multi-megawatt scale 


electricity generation from solar energy, wide installation areas are required, which puts restrictions 
on land use for agricultural purposes. The main motivation for the deployment of Floating 
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PhotoVoltaic Systems (FPVSs) was the land premium, especially, for agricultural areas, where the 
land was more valuable for the growth of the crops (Trapani and Santafé, 2014). FPVSs have been 
already utilized worldwide, mainly, in closed water bodies within terrestrial areas, such as reservoirs, 
wetlands, small artificial and natural lakes. A FPVS consists of conventional PV panels installed in 
the form of PV arrays on a floating structure, which has suitable floaters to balance the structure on 
the surface of the water. The aforementioned PV arrays avoid the increase of the solar cell’s 
temperature by taking advantage of the surrounding water’s existence. 


The deployment of a FPVS has numerous advantages compared to onshore PVSs, related mainly to 
the efficiency of the PV modules and the installation environment (Choi et al., 2013). Specifically, in 
the case of a FPVS a slight increase in the electrical efficiency of the conventional PV arrays utilized 
has been observed, which may be related to the cooling provided by the underlying water to the 
floating PV arrays. Regarding the environment and the ecosystem of the installation area, there are 
two key benefits: (a) in case of total or partial (at a large percentage) coverage of the reservoir’s water 
surface by the installed FPVS, evaporation of water is reduced significantly, as most of the incident 
radiation is absorbed by the PV cells, and (b) phytoplankton growth decreases, as the amount of solar 
radiation reaching the bottom decreases, which in turn reduces the rate of photosynthesis. It is 
important to note that the aforementioned advantages refer to artificial ponds and reservoirs, where 
water is used either for irrigation purposes or for water supply. However, the deployment of a FPVS 
is also characterized by drawbacks and challenges that should be overcome, such as high deployment 
cost, corrosion risk and difficult access for operation and maintenance. 


In general, there are innovative technologies that can be applied to conventional PV arrays in order 
to increase their efficiency. A solar tracking system can be used to increase PV cell efficiency and, 
thereby, increase power generation. In this way, the solar rays penetrate perpendicularly to the PV 
cells, resulting to an increase up to 30% (Choi et al., 2014) of their performance compared to the 
deployment of a fixed type PV power generation systems. Additionally, the PV panel efficiency is 
sensitive to the panel temperature and decreases as the temperature of the panel increases. Applying 
an active cooling technique, the operating temperature of a PV module can be dropped significantly 
to about 20% and an increase of 9% (Bahaidarah et al., 2014) in the electrical efficiency can be 
reached. These technology applications for efficiency increase can be implemented either for Onshore 
PV arrays (OPV) or for FPV arrays. However, in the case of FPV arrays, technologies for increasing 
efficiency can be realized with simpler structures and they can be applied to a larger number of PV 
panels. 


In light of the above, it is concluded that FPVSs present a novel technology to exploit the most 
inexhaustible energy source, the sun. Motivated by this, the present paper aims at proposing, 
developing and investigating the feasibility of a FPVS for power generation in the Polyfytos artificial 
lake in North Greece. This lake is selected considering environmental/legal restrictions and its 
available surface size. However, the selected area satisfies additional site-selection criteria related to: 
(a) the system’s production effectiveness, (b) construction and maintenance issues and (c) 
connectivity with the existing electricity distribution network. The exact installation location of the 
FPVS is defined in terms of minimizing visual impacts and shading effects from the surrounding 
mountains, as well as easy accessibility. In order to meet the electricity demands of the neighboring 
villages, a2 MW FPVS is proposed and it is preliminary designed, using, also, smart technologies 
(i.e. tracking system) for increasing the FPVS’s power production. Finally, the economic performance 
of the proposed FPV power generation system in terms of levelized cost of energy is estimated. 


2. SELECTION AND MAIN CHARACTISTICS OF THE STUDY AREA 


An important prerequisite for the deployment of a FPVS is the determination of a suitable installation 
area, so that a sustainable system can be realized. According to Choi (2014), as a FPVS corresponds 
to a floating on the water surface structure, site-selection criteria have to be considered and assessed 
related to: (a) power generation efficiency, e.g. solar radiation, fog, shade occurrence, etc., (b) 
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installation and maintenance, e.g. water depth (water level fluctuation), frost, inflow of floating 
particles, accessibility, interference with dam facilities (water intake tower, waste-way), etc., (c) 
connectivity with the existing power system, e.g. spare capacity of distribution line, distance to 
distribution line, distance to load (receptor), etc. and (d) legal restrictions, e.g. special countermeasure 
area (Framework Act on Environmental Policy), waterfront area (related River Acts), Local 
Environment Preservation Act, Protection of Wild Fauna and Flora Act, fishing prohibition area, 
marine leisure activity prohibition area, civil complaints, excessive compensation expense, 
inducement of environmental problems, etc. 


In the case of Greece, all natural lakes and most of existing artificial lakes (created by the Public 
Power Corporation (PPC) for power generation via hydroelectric power plants) are included in the 
list of community importance sites of NATURA 2000 network. Therefore, environmental and 
legislative restrictions lead to a small number of Greek lakes that could be potentially considered for 
the deployment of a FPVS (Table 1). By taking into account the size of these lakes, Polyfytos artificial 
lake (Figures la~1b) is chosen for the deployment of a FPVS, since it has the largest surface area 
among the various environmentally eligible candidates. It is noted that the selection of the Polyfytos 
Lake is further supported by the satisfaction of additional site-selection criteria as described in the 
following paragraphs. 


Table 1: Greek artificial lakes not included in NATURA 2000 list 
Name Location Surface area (km?) 
Polyfytos Lake Kozani 74000 
Kastraki Lake Aetolia-Acarnania 26804 
Pineios Lake Elis 19895 
Pournari Lake Arta 8233 
Ladona Lake Arcadia 3048 


Lake Polyfytos is an artificial lake of Aliakmonas river, located in North Greece (40.13° N, 21.58° E) 
in the regional unit of Kozani (Figure la~1b). The lake was formed in 1973, after the construction of 
the Polyfytos dam in the river. It is owned by the Greek PPC, but it has been granted to the 
surrounding residents for fishing and ecotourism exploitation. Briefly, the Polyfytos Lake is used for 
water supply, irrigation, fishing, power generation, recreation and sports. The lake has a wetland code 
of 133103000 and does not have any legal status for environmental protection. The lake covers an 
area of 74 km? (flooded) and receives mainly the waters of the Aliakmon River and some torrents 
from a catchment area of 5630 km*. The largest area of the lake (about 70%) is located at the territory 
of the Servia Municipality (Figure 1b). Its maximum length and width are equal to 29.84 km and 4.14 
km respectively, while its average depth is equal to 55 m. Changes in water level correspond to about 
15 m. The rapid renewal of the lake's water enables rapid removal of polluting loads, resulting in the 
lake's "mesotrophic" status. Waters mostly flooded the agricultural land after the construction of the 
dam, and finally artificial lake of Polyfytos was created. 


For supporting the adequacy of the Polyfytos Lake for the deployment of a FPVS based on the site- 
selection criteria mentioned previously in this section, the irradiation of the sun in the study area is, 
initially, investigated and quantified. This parameter represents the most crucial meteorological 
parameter affecting the efficiency of the FPVS. For this purpose, climatology maps of the region of 
Western Macedonia are used (HNSE, 2013). These maps were formed based on simulations using a 
radiation propagation model, satellite images of cloudiness and satellite assessments of atmospheric 
suspensions. Considering the map of the regional unit of Kozani, the average annual solar energy per 
unit area (kWh/m”) in the area of the Polyfytos Lake is equal to 1485 kWh/m/2, which is the highest 
average annual solar energy per unit area in the region of Western Macedonia (HNSE, 2013). The 
aforementioned value has been also verified from (JRC-IET, 2012). 
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Figure 1: (a)~(b): Study area, (c): FPVS proposed installation location at Polyfytos Lake 


Next, the shading percentage of the lake by natural or artificial barriers is investigated. As there are 
no artificial barriers on the surface of the lake, the shading of the lake by the surrounding mountain 
masses on December 21, 2015, (winter solstice) is checked, from sunrise until sunset. The natural 
hurdles are located North, Northeast, East, Southeast and South of the Polyfytos Lake. At several 
locations on the lake's surface, especially, near the mountains, sunlight is limited. 


Furthermore, other weather parameters (i.e. fog, cloudiness, temperature and frost) that affect the PV 
modules’ efficiency and, therefore, the generation performance ofa FPVS are taken into account. For 
this reason, relevant meteorological data of the last 30 years are gathered by the meteorological station 
in Kozani (National Meteorological Service, 2015) and the following statistical quantities and data 
are derived and considered for the FPVS’s deployment: 


e The maximum, monthly average, fog occurs in December (1.32%), while the minimum, monthly 
average, fog occurs in July and August (0.01%). 


e The maximum, monthly average, total cloudiness occurs in December (57.88%), while the 
minimum, monthly average, total cloudiness occurs in August (27.50%). 


e The maximum, monthly average, low cloudiness occurs in December (30.63%), while the 
minimum, monthly average, low cloudiness occurs in August (14.75%). 


e The maximum, monthly average, temperature average appears in August (24.69 °C), while the 
minimum, monthly average, temperature average appears in January (5.57 °C). 


e The maximum, monthly average, temperature minimum appears in July (12.3 °C), while the 
minimum, monthly average, temperature minimum appears in January (-7.85 °C). 


e The maximum, monthly average, temperature maximum appears in July (36.77 °C), while the 
minimum, monthly average, temperature maximum appears in December (14.9 °C). 


e There is no appearance of frost all year round. 


Regarding the accessibility and connectivity of the lake with an existing power system, the 
accessibility of the study area is quite good as the lake is crossed by the national road of the cities of 
Kozani - Larissa, and there is a network of provincial roads. Additionally, there is large space 
available for installing a construction site near the lake. The location of the neighboring to the lake 
villages limits the available FPVS deployment options to the West and Southwest surface of the 
Polyfytos Lake. This will, to a large extent, prevent, also, the visual disturbance. Finally, around the 
lake there is an electricity distribution network of PPC, to which the villages around the lake are 
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connected. Furthermore, there is an electricity transmission line at the Northeastern point of the lake, 
where the Polyfytos hydroelectric plant is installed. 


Additionally to the above, data related to the water depth and the fluctuation levels of the Polyfytos 
Lake were collected from the Polyfytos Hydroelectric Power Plant (HPP). Water depth presents a 
parameter which is crucial for defining the FPVS’s installation position in the lake, since it has a 
direct effect on the mooring system’s requirements and, therefore, on the construction cost of the 
FPVS. In the case of the examined lake, the average depth is 55 m, while the maximum depth is 
located at the position of the dam and is between 75-80 m. On the other hand, the fluctuation of the 
lake's surface varies between 10 m and 15 m. This fluctuation affects the design requirements of the 
FPVS’s mooring system, which should be selected and designed, so that the FPVS can adequately 
follow the vertical variations of the free surface in terms of ensuring the continuous and safe operation 
of the system. 


Finally, regarding the water supply and drainage facilities, wastewater from the villages and from 
irrigation activities dispose after the appropriate treatment into the lake. In addition, part of the lake's 
water is diverted to the water supply network of Thessaloniki area, when demand is increased. As 
there is a rapid renewal of the lake water, the inflow and accumulation of floating particles on the 
lake surface is limited. Thus, the floating structure and the mooring system of the FPVS are not 
expected to be affected by floating particles. 


Table 2: Site-selection criteria and their assessment for the Polyfytos Lake 


Criterion 
Nā Description Value (quantitative or qualitative) 
1 Solar Energy 1485 kWh/m? 
2 Shade by surrounding mountains Only from N, NE, E, SE, S directions 
3 Fog-Cloudiness Medium appearance 
4 Temperature Slight rise in summer 
5 Depth 55 m (average) 
6 Surface fluctuation 10-15 m 
7 Frost No 
8 Inflow of floating matters No 
9 Accessibility Yes 
10 Water supply and drainage facilities Wastewater inflow 
11 Electricity distribution/transmission network Yes 
12 Nefshbanne villages Yes (at the N, NW, RS SE and S adjacent 
13 Road network Yes 
14 Construction site area Yes 
15 NATURA 2000 restriction No 
16 Restriction zones No 


Table 2 summarizes the above information and provides the site-selection criteria considered for the 
deployment of a FPVS in Polyfytos Lake. Based on this Table and the aforementioned relevant 
discussion, it can be concluded that the Polyfytos Lake can be considered suitable for the deployment 
of a FPVS. Regarding the determination of a specific location in the lake for installing the FPVS, 
since there are no relevant restrictions in the study area, a specific location is proposed aiming at: (a) 
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preventing shading during the day, (b) avoiding visual disturbing and (c) ensuring easy access for 
maintenance. The proposed installation position located in latitude 40°13'10.85" N and longitude 
21°56'19.32" E is shown in Figure Ic. 


3. PRELIMINARY DESIGN OF THE FPVS 


According to the survey on energy consumption in households of the Hellenic Statistical Authority 
conducted during October 2011 — September 2012, the average annual electricity consumption per 
household is 3750 kWh (Hellenic Statistical Authority, 2013). Moreover, according to the 2011 
Population and Housing Census (Hellenic Statistical Authority, 2014), where the number of 
households and the number of their members were collected, one person households and two person 
households constitute 55.2% of the total number of households. Based on the above data and the 
population (2011 census) of the neighboring to Polyfytos Lake villages, the average annual electricity 
consumption of the villages is calculated (Table 3), assuming that the households consist of two 
members. 


Table 3: Average annual electricity consumption of villages around Polyfytos Lake 


Village Population PERHE Average annual electricity consumption (kWh) 
Rymnio 161 81 301875 
Goyles 185 93 346875 
Kranidia 461 231 864375 
Neraida 148 74 277500 
Imera 156 78 292500 
Avra 56 28 105000 
Total 1167 584 2188125 


The size of the proposed FPVS is determined in order to meet the energy demands of the villages 
around the Polyfytos Lake (Table 3). The average annual power production of 1 kW installed in an 
OPV power plant varies, and for Greece is estimated to be equal to 1300 kWh (obtained from 
communication with market representatives and verified from JRC-IET, 2012). Thus, the efficiency 
of an OPV power plant is 14.84%. To produce the annual electrical energy demand of the villages 
around the Polyfyto Lake (2188125 kWh), a 2 MW OPV power plant, with 2600000 kWh annual 
energy production, is required. Assuming the same capacity for the proposed FPVS in the examined 
area, Table 4 shows the FPVS’s efficiency estimated for a FPVS: (a) without any smart technologies, 
(b) with active cooling system and (c) with active cooling system and tracking type system for solar 
tracking. Based on this Table, it can be easily concluded that the efficiency of the FPVS, where both 
active cooling and tracking type systems are utilized, is 60.92% higher than the efficiency of an OPV 
power plant. Moreover, contrary to the OPV power plant, where a 2 MW plant must be installed to 
meet the annual electricity demands of the villages around the Polyfytos Lake, a FPVS with active 
cooling and tracking systems of only a 1.1 MW capacity could be utilized to meet the same demand. 
However, a2 MW FPVS is, finally, proposed in the present paper assuming that the additional energy 
generated can be supplied and sold to the central power grid for other use. For the proposed FPVS, 
Polycrystaline-Silicon (Poly-Si) 250 Wp PV panels (Table 5) are selected to be used considering 
market availability, lowest possible cost and maximum efficiency. For developing a FPVS of 2 MW 
capacity and of 4.18 GWh average annual energy production (Table 4), 8000 PV panels (Poly-Si 250 
Wp, 60 cells) are required with a total weight of 160000 kg (weight of the PV panels only). 
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Table 4: Efficiency estimation of a 2 MW FPVS installed at the Polyfytos Lake 


Nominal Average annual Efficienc 
Type of PV system (plant) capacity energy production (%) y 
(kW) (kWh) 

OPV power plant 2000 2600000 14.84 

FPVS [9] 2000 2885964 16.47 

FPVS with active cooling system [3] 2000 3145701 17.95 
FPVS with active cooling system and 2000 4183783 23.88 

tracking type system [2] 


Table 5: Technical and geometrical characteristics of Polycrystaline-Silicon 250 Wp PV panel 
(Poly-Si 250 WP, 60 cells) 


Parameter Value Parameter Value 
Pnom (Wp) 250 Cell Area (mô 1.46 
Width (m) 0.99 Tref °C) 25 
Length (m) 1.64 Weight (kg) 20 
Area (m°) 1.63 


The design concept of the proposed FPVS as developed in this paper is presented in Figure 2. PV 
panels are placed in 30° tilt angle and are arranged in 4 circular grids (Figure 2) of 50 m radius each, 
in order to prevent shading among the panels and provide adequate distance between them for 
maintenance accessibility. In each circular grid, the PV arrays are mounted on longitudinal beams, 
which are supported by a circular ring (Figure 2). All the above are, finally, mounted on a floating 
polygon (Figure 2). The floating platform of the proposed FPVS consists of 4 polygons (one polygon 
for each circular grid) with rectangular cross-section of 4 m in width and 3 m in height. Vertical axis 
tracking system is placed on every floating polygon, while an active cooling system, taking advantage 
of the surrounding lake water, is deployed for keeping the PV panels’ temperature low. Regarding 
the mooring system, a system that effectively follows the lake’s fluctuations is proposed (e.g. Seaflex) 
(Seaflex, 2018). Based on the above, the total rectangular installation area is estimated equal to 58752 
m°. It is noted that in the present paper the dimensions of the floating platform were preliminary 
estimated in order to ensure buoyancy. Detailed design and modelling of the hydrodynamic and 
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structural behavior of the FPVS’s floating platform including mooring lines presents items for future 
investigation. 


4. ASSESSMENT OF THE ECONOMIC PERFORMANCE OF THE PROPOSED FPVS 


For assessing the economic performance of the proposed FPVS, capital and Operation & Maintenance 
(O&M) expenditures have to be initially estimated. Starting with the capital expenditures, these costs 
include the cost of the PV arrays’ electromechanical equipment, as well as the construction costs of 
the floating platform (including the PV panels’ mounting configurations and the floaters) and of the 
mooring system. An estimation of these costs is shown in Table 6. 


Table 6: Estimated construction cost of the proposed FPVS 


Cost Category Cost sub-category Cost (€) 
Main electromechanical equipment (PV panels, inverters, 
connectors, tracking system, etc.) eee 
Electromechanical | Cables - Tables 165000.00 
equipment Supplementary Systems (Lightning protection, earthing, 106000.00 


safety and protection systems) 


Subtotal | 2627000.00 


Supporting longitudinal beams 450747.00 

Floating structure Supporting ring 439000.26 
and mooring Floaters 1660479.10 
systemi Mooring system 249071.87 


Subtotal | 2799298.23 
Total | 5426298.23 


The cost of the electromechanical equipment has been estimated based on relevant costs existing in 
the case of an OPV power plant (obtained from communication with market representatives) and it 
includes tracking system for sunlight tracking and cooling system. It is emphasized that the cost 
estimation of the FPVS’s electromechanical equipment is quite conservative, especially with regard 
to the cost of the tracking and the cooling systems. The latter cost, which is high in OPV installations, 
can be significantly reduced in the case of a FPVS due to the support structure’s simplification. 
Regarding the cost of the FPVS’s platform, this is is estimated using the weight of the steel required 
for its construction and a unit cost of 0.58 €/kg (average steel cost of 7850 kg/m? density in the Greek 
market). It is mentioned that 4396.95 tn of steel are considered to be required in total (777.15 tn for 
the longitudinal supporting beams, 756.90 for the circular supporting ring and 2862.90 tn for the 
floaters) for constructing the FPVS’s platform. The above quantities have been defined based on the 
preliminary design of the FPVS presented in the previous section. As for the mooring system, the 
Seaflex-type mooring system is proposed (Seaflex, 2018) the cost of which is calculated as a 
percentage (15%) of the construction cost of the floaters. With regard to the O&M expenditures, these 
are mainly related to the O&M of the PV panels and are taken equal to 15 €/kW (NREL, 2018). 
Considering the annual yield of the proposed 2 MW FPVS, the annual O&M cost for the proposed 
FPVS is calculated equal to 30000 €. Moreover, assuming a 35-year operation period the O&M cost 
for the proposed FPVS is equal to 1050000 €. 


Having estimating capital and O&M expenditures, the Levelized Cost of Energy (LCOE) (€/K Wh) is 
used to assess the economic performance and the economic viability of the proposed FPVS. In the 
present paper, LCOE is evaluated based on the methodology described in Said et al. (2015) and 
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Murphy et al. (2015). Specifically, for a given installation area of a FPVS, the LCOE assuming a 35- 
year operation period Said et al. (2015) is calculated according to the following equation: 


CCI 


35AEP 


where AEP is the Annual Energy Production by the FPVS (KWh) and CCI is the Capital Cost 
Indicator of the investment (€), which can be calculated using the following equation: 


CCI = DCI + 0.3DCI (2) 


where DCI corresponds to the Device Cost Indicator of the FPVS (€). In the present paper, this 
quantity is calculated as follows: 


DCI = C r (M sir + M py ) + Cpy Pnom (3) 


where Csr is the cost per unit weight (€/tn) of the FPVS’s floating structure and electromechanical 
equipment, Cpy is the O&M cost per unit power (€/kW) for 35 years related to the nominal power of 
the PV panels, Mst and Mpv present the weight (tn) of the floating structure and of the PV panels 
respectively, while Pnom is the nominal power (KW) of the PV panels. Using the economic and 
technical data presented previously in the section, Cs, Crv, Mstr, Mpv, Pnom and AEP are calculated 
equal to 1234.11 €/tn, 525 €/kW, 4396.94 tn, 160 tn, 2000 kW and 2091888 kWh respectively. 
Finally, Table 7 shows the DCI and CCI values (Equations 2~3) and the LCOE (Equation 1) of the 
proposed FPVS. It can be seen that the LCOE for the proposed 2 MW FPVS at the Polyfytos Lake 
corresponds to 0.118 €/kWh; thus, based on the current Greek energy market the proposed FPVS has 
the potential to be considered as an economic viable solution. 


Table 7: Values of quantities for LCOE calculation and LCOE of the proposed FPVS 


Quantity Value 

DCI (€) 6673755.39 

CCI (€) 8675882.01 
LCOE (€/kWh) 0.118 


5. CONCLUSIONS 


In the present paper, a 2 MW FPVS is proposed to be installed at the Polyfytos Lake in the North 
Greece to meet the energy demands of the neighborhood villages. Polyfytos Lake is selected for this 
installation, as it occupies the largest area compared to other environmentally eligible Greek lakes 
(not included in the NATURA 2000 network). This selection is further supported by the satisfaction 
of other site-selection criteria related to economical/technical parameters. The FPVS is proposed to 
be located at the West side of the lake near its shore, avoiding shading by the surrounding mountains 
during the day and visual disturbance, and facilitating accessibility for maintenance. For the examined 
FPVS a 30° tilt angle to the PV panels is proposed, while a tracking system resulting to a 30% 
efficiency increase is utilized. Moreover, an active cooling system is deployed, which can keep the 
temperature of the PV modules closer to the nominal PV cell operation temperature and, thus, it 
increases the efficiency up to 9%. The two latter smart technologies lead to a FPVS of 60.92% higher 
efficiency compared to an OPV power plant of the same capacity. The floating platform of the 
proposed FPVS consists of longitudinal beams and circular rings for supporting the PV arrays, as 
well as of floating polygons (floaters). Based on this preliminary design, the FPVS’s construction 
cost has been estimated equal to 5.43 M€, while the annual O&M cost corresponds to 30000 €. 
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Finally, the estimated LCOE equal to 0.118 €/kWh, demonstrates the potential of the 2MW FPVS at 
the Polyfytos Lake to be considered as an economic viable solution. 
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Abstract 

Within the existing European building stock, a large share is built before 1960, when there were only 
a few or no requirements for energy efficiency. Given that only a small portion of these buildings 
have undergone major energy retrofits, it is easily concluded that the oldest part of the building stock 
contributes greatly to the high energy consumption of the building sector. The most common action 
for the energy retrofit of the building envelope is the external insulation of the existing walls. 
Recently, ventilated façade systems were developed to offer thermal insulation together with the 
protection of buildings against the combined action of rain and wind, offering at the same time high 
level aesthetic characteristics. However, even if an advanced technological solution is used, such as 
the ventilated fagade one, the poor air quality problems of older buildings are not always addressed, 
as through the interventions the buildings are made more airtight, and consequently less naturally 
ventilated. The research project E2VENT, funded within the H2020 program, attempts to address 
these problems met in existing residential buildings. It concerns merely a cost effective, high energy 
efficient, low C02 emission, replicable, low intrusive, systemic approach for retrofitting of residential 
buildings, through the integration of an advanced ventilated façade system, a heat exchanger and a 
heat storage system. 


In this paper the technological solution that is developed within the framework of the research project 
is described, the possible barriers of its market acceptance are given, and results on its expected 
performance when installed in typical existing buildings are presented. Emphasis is given on the 
parameters that are associated with the thermal performance of the E2VENT system, as its main target 
is to reduce the building energy substantially, supporting the framework of the nZEB concept. 


Keywords: Ventilated facade; building energy performance; energy retrofit; existing buildings; 
thermal insulation 


1. INTRODUCTION 


Within the existing European stock, a large share (more than 40%) was built before 1960’s when 
there were only few or no requirements for energy efficiency and only a small part of buildings have 
undergone major energy retrofits [1-2]. That means that the great majority is of low insulation levels 
and is equipped with old and inefficient systems. For these reasons, the oldest part of the building 
stock contributes greatly to the energy consumption in the building sector [3-4]. 


It is now clear that the largest energy saving potential is associated with the older building stock. 
Moreover, although heating needs in Southern countries such as Portugal and Italy are lower due to 
milder winters, the energy use in these countries is relatively high, which can be an indication of lack 
of sufficient thermal envelope insulation in their building stocks [2, 4]. For these countries, where 
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buildings are usually equipped with air conditioning systems, cooling becomes an important 
contributor to the overall consumption. 


The most common action for the energy retrofit of the building envelope is the thermal insulation and 
mainly the external insulation of the existing walls. However, the technology used in each case differs 
with regard to the construction of the existing wall and to the technologies that were applied in every 
country, according to climate, or special conditions [2, 5, 6]. Recently, ventilated façade systems were 
developed to offer thermal insulation together with the protection of buildings against the combined 
action of rain and wind, offering at the same time high level aesthetic characteristics. They constitute 
of a bearing structure, anchored to the building wall with brackets and anchoring elements, the 
insulation material and the external cladding, which are separated by the air cavity. 


However, even if an advanced technological solution is used, such as the ventilated façade one, the 
poor air quality problems of older buildings are not addressed. Furthermore, retrofitting strategies 
usually focus on the reduction of air infiltration, in order to reduce energy demands for heating & 
cooling. However, as building energy efficiency is improved with insulation and weather-stripping, 
buildings are being made more airtight, and consequently less naturally ventilated. Since all buildings 
require air renewal to guarantee acceptable indoor air conditions, the corresponding losses of heat 
due to the ventilation air are increased. 


In this paper, a retrofit solution that improves the energy performance of existing buildings by 
addressing both ventilation and conductivity losses is presented; such a hybrid solution combines 
active and passive means and is developed through the research project E2VENT. 


2. DESCRIPTION OF E2VENT 


The research project E2VENT, funded within the H2020 program (GA 637261), attempts to address 
these problems met in existing residential buildings. It is merely a cost effective, high energy efficient, 
low CO2 emission, replicable, low intrusive, systemic approach for retrofitting of residential 
buildings, through the integration of an advanced ventilated façade system, comprising of various 
components, described in the following sections. 


The research project is run by 13 organizations across Europe (Nobatek, European Aluminium 
Association, ELVAL, FENIX, FASADA, Pich architects, Tecnalia, Acciona, Cartif, University of 
Hull, Aristotle University of Thessaloniki, University of Burgos, D’ Appolonia) and coordinated by 
Nobatek. The project started on January, 2015 and it will last 42 months. Apart from the development 
of the solution and the necessary preparations for its introduction into the market, the project involves 
pilot studies, which will demonstrate the capabilities of the system. 


The E2VENT system is an external refurbishment solution with external cladding and air cavity that 
embeds different breakthrough technologies to ensure its high efficiency (Figure 1): 


e A Smart Modular Heat Recovery Unit. The heat exchanger is specifically designed for the E2VENT 
system. It will be aluminium-made, in order to be lighter and with good thermal conductivity. The 
unit is designed to preheat inlet ventilation air in winter and precool it in summer. Apart from the 
normal winter and summer modes, it allows heat storage and free cooling modes. The unit is modular, 
allowing operation in series or parallel, depending on heating/cooling requirements. 


e A Latent Heat Thermal Energy Storage Unit. The Latent Heat Thermal Energy Storage Unit (Fig. 
2) is based on phase change materials, aiming at providing a heat storage system for the reduction of 
peak of electricity consumption and/or for cooling in summer. 


e A smart management system. Nowadays, Building Energy Management systems (BEMs) are critical 
elements in the energy retrofitting strategies in buildings, in combination with active and passive 
solutions. In fact, the BEMs could achieve up to 40% of energy savings by controlling HVAC, 
lighting and other systems. In E2VENT, a smart management system will control the components on 
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a real time basis targeting optimal performances. A series of sensors will ensure that the E2VENT 
system will recognize the predicted weather and communicate with existing systems. 


Ducts 
Bypass j a 
SMHRU ii 
-e 
_- Insulation 

(I 

Ducts 

a. b. 


Figure 1. The smart modular heat recovery Unit (a.) and the latent heat thermal energy 
storage unit (b) of the E2VENT system [7]. 


e A ventilated façade system. The ventilated façade system is composed of (Fig. 2) the bearing 
structure, which is made of aluminium and is designed especially for this application, both from a 
mechanical and a thermal point of view, the thermal protection, offered by thermal insulation 
positioned on the outer surface of the building and the external cladding, made of composite 
aluminium panels. Special attention is given to the production of an efficient anchoring system that 
limits thermal bridges and allows for an easy and durable installation. Load bearing elements made 
of aluminium, support the ventilated façade. Vertical T-shaped beams bear the outer cladding; each 
one is supported by an L-shaped bracket, which is anchored on the wall. All bearing elements have 
been selected in order to comply with the structural requirements and have the necessary bearing 
capacity for the selected loadings and combination of loadings. Thermal insulation is positioned 
between the anchors, covering all exterior opaque elements. The structural system selection of 
building’s construction parts involves the choice of the lightest parts of the most economical material, 
allowing for the most efficient configuration that is appropriate to the anticipated loads [8, 9]. The 
choice of aluminium as the material of the main supporting system, the anchors and the brackets of 
the system, is a relatively new but efficient design solution. Wind, seismic, thermal action and any 
other possible design load imposed on the building according to the limit design states are defined in 
accordance to Eurocodes. A significant number of analyses of structural models with various cross- 
section dimensions of the principal structural and connection members has been performed. By this 
procedure an optimal design by strengthening at specific cases for the system has been attempted. 
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Figure 2. The E2VENT ventilated fagade system anchored with full and half height brackets. 
3. EXPECTED PERFORMANCE 


It is expected that the E2VENT system will lead to significant energy savings and CO2 emissions 
reduction. This is achieved not only by the thermal protection of the opaque elements, which enhances 
the thermal behaviour of the building skin, but also by the use of the heat exchanger and the heat 
storage systems, which contribute to the minimization of heating and cooling loads. Of course, if 
E2VENT is employed in a major renovation of an existing building, addressing in parallel the glazed 
components and the HVAC equipment, the building energy performance would be optimized, 
reaching the nZEB concepts. 


The energy behaviour of the system has been assessed with detailed simulations, which showed the 
capabilities of each component and the system as a whole. Special attention was given in minimizing 
the thermal break effect occurring at the anchorage points of the cladding. Recent studies have shown 
that the problem of thermal bridges in cladding systems cannot be neglected since the actual heat 
flows tend to be significantly higher than the estimated ones when point thermal bridges are not 
treated properly [10]. Within the framework of this project, the process of developing a thermally 
efficient anchoring system by proper selection of support system parts, detailed parametric analysis 
of the characteristics affecting the thermal bridge problem and by integrating advanced modern 
materials into the final proposed product is presented. 


According to EN ISO 20211, a thermal bridge is defined as the “part of the building envelope where 
the otherwise uniform thermal resistance is significantly changed by full or partial penetration of the 
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building envelope by materials with a different thermal conductivity, and/or a change in thickness of 
the fabric, and/or a difference between internal and external areas, such as occur at wall/floor/ceiling 
junctions” [11]. 


The three dimensional nature of the thermal bridge effect on cladding systems requires a detailed 
calculation approach in order to take into account the complex geometry and the great differences in 
Thermophysical properties of adjacent materials. According to ISO 10211, in order to achieve reliable 
results regarding the magnitude of thermal bridging in such complicated structures, a detailed finite 
element analysis is needed. In the case of this study, the calculation platform that was finally selected 
was ANSYS Workbench. 


The conducted multi-parametric showed that the thermal bridge problem is quite complicated and it 
is strongly related to many factors. Existing technologies like thermal break pads are an established 
technology that, unfortunately, cannot efficiently minimise the thermal bridge magnitude, especially 
when the substrate wall is highly thermally conductive like the case of concrete walls. Stability, safety 
and mechanical requirements are obviously the most important parameters in every construction, and 
in the case of metal cladding systems, these requirements create limits on the permitted thickness and 
thermal break layer thermophysical properties. 


The type, condition and material of the substrate wall are factors that highly affect the thermal bridge 
phenomenon. Since the anchors penetrate the insulation material and the thermal break pad in order 
to be securely fixed within the substrate wall, this part of the support system remains the weakest. 
The only possibilities for minimising these problems rely on the use of chemical anchors. Although 
the area of the wall affected by the chemical anchor is limited and can’t stop the heat flow, it can 
provide considerable thermal resistance compared to traditional anchor materials like steel, while at 
the same time it provides numerous advantages related to the mechanical strength of the system. 


The effect of this technology to the overall thermal transmittance of the façade is presented in figure 
3. It shows the design U-value (calculated without considering the thermal bridge effect) increment 
of the building element due to the point thermal bridge effect. It can be seen that, depending on the 
required thermal insulation protection, the effect can account for more than 50% of the U-value. 
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Figure 3. Design and actual thermal transmittance (U-value) of the external envelope for half 
and full-height steel brackets [10]. 
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4. POSSIBLE BARRIERS 


The E2VENT system is designed and developed as a new retrofit solution. In order to ensure its wide 
acceptance in the European market, it is essential to identify the potential barriers that may come up. 
These barriers may stem from regulatory and morphological issues, as well as from the fagade and 
the HVAC characteristics of the buildings targeted [12]. 


Since the implementation of the E2VENT will require additional area coverage, it is essential that the 
building under a refurbishment study has a leftover of ground surface coverage. E2VENT may meet 
such problems in densely built areas such as urban centers. A possible solution could be the 
construction of the system from the first storey and above, which may also be important in cases 
where shops or other facilities do not allow such interventions. Additionally, buildings under 
protection of cultural heritage rules may face significant barriers in implementing the E2VENT 
system. In some cases restrictions permit refurbishment under specific conditions. Finally, a crucial 
factor is the ownership status of the building. Since a partial implementation of the E2VENT system 
is not effective or realistic, a single building manager could assist in applying such large-scale actions. 
On the contrary, the existence of many owners renders the decision of approving the E2VENT system 
construction very difficult not only on the basis of such a major refurbishment construction, but also 
to other, minor but still significant decisions like the external color and surface treatment. Although 
such problems are also present in the case of ETICS, the presence of heat recovery units and thermal 
storage, adds more complexity to such decisions. 


As regards the morphological parameters, the shape of the building is a factor that affects the 
complexity of the design, the costs and also aesthetics of the building. Box-shaped buildings with flat 
facades without balconies are preferable. The existence of rooms with overhangs may present some 
problems, especially in the case where these overhangs do not lay beyond the external panels of the 
E2VENT. The most significant factor that can hinder the selection of E2VENT may be the presence 
of balconies. Problems related with balconies are of two types: 


Those related to the interruption of the system’s continuity on the vertical axis. In this case, the air 
gap is not continuous; as a result, fastening of the system to existing elements needs some special 
treatment. 


Problems related to the useful width of the balcony after the intervention. In narrow balconies, the 
presence of the system may cover a relatively large part of the width, leaving a small area that is 
possibly useless to users since they cannot walk with safety on this. Very narrow balconies may be 
completely covered by the ventilated facade, altering significantly the architectural view of the 
building. 


Furthermore, the structural system and the materials of the existing façade play an important role in 
the way the E2VENT system could be applied on a building. Depending on various parameters, not 
all existing buildings can support such a refurbishment with safety. Buildings with reinforced 
concrete elements are more likely to support the extra loads. In most cases, anchoring will be mainly 
fastened on the concrete elements, while secondary or intermediate anchoring could assist load 
bearing capabilities of a building. In the absence of concrete elements, a higher density of anchors is 
required complicating the loads study, construction and thermal performance of the ventilated façade. 


Façade areas with different colors, shapes and materials will be covered by the panels of the ventilated 
facade. In such cases, the existing fagade pattern could be recreated by the use of panels with different 
colors. The size, number and shape of doors and windows on the façade affect the construction of 
E2VENT. Wide glass areas interrupt the façade in a way similar to balconies, but with the additional 
disadvantage that they decrease further the area available for the ventilation systems installation. In 
addition, a large number of windows can complicate the construction process, while this is also true 
in the case of non-orthogonal window layouts. Outgoing elements, small (like window sills and 
frames) or large (like shading devises), constitute also a factor that needs to be taken into account 
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since the preservation of smaller architectural elements is impossible, while larger ones may lose their 
functionality and may need reconstruction. 


Among the parameters that should also be taken into account is the existence of air ventilation inlets 
and exhausts like those usually found at kitchens and bathrooms. During the design process, decisions 
on how to combine the operation of the E2VENT with existing ventilation strategies should be made. 
In cases where heating or cooling is provided through individual external units (split-units, external 
gas boilers, etc.), the design of the fagade should take into account the proper integration of these 
units in order to avoid aesthetic, construction and safety problems. 


Apart from the above mentioned technical issues, social barriers may appear, involving mainly the 
potential users and the technical world (architects, engineers and builders). Both derive from the lack 
of knowledge or experience in selecting an advanced ventilated façade system as an energy measure 
for building retrofitting. In order to investigate further the social acceptance of the E2VENT system, 
a survey was addressed to building professionals and potential users. Given the different background 
of these two groups, some of the questions are differentiated between the two surveys so as to avoid 
frustrating and confusing possible end users with specialized technical questions. More than 1000 
people answered the two survey forms, providing the E2VENT team with valuable information. 


The majority of potential users are owners of an apartment in multifamily buildings in urban centres. 
According to the obtained results, the improvement of the energy performance of their residence is 
very significant; however the decision making for implementing an innovative energy efficient 
technology requires initially their increased awareness on the system’s operation. Moreover, thermal 
insulation efficiency, energy efficiency issues and the risk of water and moisture penetration are the 
prevailing parameters that influence the users’ decision for the refurbishment of the façade of their 
residence. On the other hand, installation and construction costs along with maintenance frequency, 
easiness and cost are the most significant restraints that prohibit users from applying such a system. 
Given that E2VENT solution involves mechanical ventilation, a great number of the respondents 
seem unwilling to substitute opening of windows and natural ventilation with mechanical means, a 
fact that can be explained by the increased survey participation of Mediterranean countries. To 
overpass this obstacle and increase the social acceptance of the system, market managers and other 
corresponding actors should make efforts to inform the public regarding the advantages of mechanical 
ventilation such as increased indoor air quality, energy gains etc. Positive end-user opinions 
appreciated the high thermal insulation efficiency and the energy efficiency of the system as the most 
important parameters in order to apply it in a retrofit project, but increased cost of acquisition, 
installation and maintenance were presented as an important obstacle. 


In terms of the technical world, the majority of engineers have already experience in retrofit projects 
but only a few have been implicated in ventilated facades projects. A great number is willing to apply 
a ventilated façade in a future project but the lack of holistic knowledge may be an important obstacle 
to face. 


5. CONCLUSIONS 


This paper presents the main element of a new system developed for building retrofits within the 
framework of a European Research Project. It comprises advanced technological features, integrated 
in one modular system, which addresses mainly heat flows through the building skin and heat flows 
due to ventilation. The system is still under development and its performance has not been validated 
yet, but it is expected that its impact on the energy and the environmental performance of buildings 
will be extremely significant. 


The improved efficiency of existing buildings represents a high-volume, low-cost approach to 
reducing energy use and greenhouse gas emissions. Additionally, it not only generates energy savings 
with attractive levels of return on investment, but it also improves the energy security, creates jobs 
and makes buildings more liveable. 
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Abstract 

Wind energy is one of the most important renewable energy sources, especially in regions where 
appropriate wind power potential exists, hence, decisions on harvesting such a resource plays an 
instrumental role in determining the appropriate policies required to achieve energy and climate 
targets. The appropriate siting of such facilities has become of great concern the last decade and is 
revealed by the significant growth in onshore wind farm siting applications across different 
application areas worldwide. Wind velocity, slope, distance from specific areas (protected areas, 
forests, urban areas, archeological sites) as well as from specific infrastructures (airports, road 
network, electricity grid) are amongst the prevailing criteria used in defining sustainable sites for 
wind farm development. The main aim of this paper is to identify appropriate sites for onshore wind 
farm applications considering the restrictions imposed by the legislative framework of the Special 
Framework for Spatial Planning and Sustainable Development for renewable energy sources 
(SFSPSD-RES) (Greek institutional framework for wind farm siting) with the use of Geographical 
Information Systems (GIS). The application focuses on the Regional Unit of Magnesia. The 
methodology involves excluding areas and zones defined by the SFSPSD-RES as well as outstanding 
criteria applied in the international literature review. The results reveal that the appropriate sites for 
wind farm siting are rather handful mainly due to the low wind potential of the area. 


Keywords: Renewable Energy Sources (RES); wind energy; wind farm siting, exclusion criteria 
1. INTRODUCTION 


Over the past 40 years, there has been a sharp increase in the planet's population, which has a direct 
result in the exploitation of natural resources. This has influenced the environment negatively leading 
to its continuous deterioration. Demand for energy in the past years had been mainly covered by 
conventional forms of energy, such as coal and oil, which burdened the environment even more. In 
recent years, however, a greater sense of responsibility for environmental issues has been adopted, 
which has resulted in the development of effective environmental policies. As a result, alternative 
forms of energy sources, more environmental friendly, have been exploited and developed. 


Nowadays, the exploitation of Renewable Energy Sources (RES) help to move to a low-carbon 
economy, resulting in sustainable development. All the relevant policies aim to adopt environmental 
friendly sources of energy to cover energy demand and mitigate environmental problems such as air 
pollution and climate change. The European Union has created a legislative framework for the use of 
RES so as to curb these emissions and promote cleaner transport but also reduce its dependence on 
unreliable and volatile fossil fuels markets. The current framework sets the target for all Member 
States of the European Union, a 20% reduction in greenhouse gas emissions compared to 1990 levels, 
a 20% penetration of renewable energy in gross final energy consumption and a 20% saving primary 
energy by 2020. 
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As far as wind energy is concerned, it is a fast-growing renewable energy technology. It provides a 
cost-effective and scalable alternative to conventional actions, both in developing and developed 
countries. No greenhouse gases and other pollutants are emitted, the impact on the environment is 
almost negligible, and the cost of their construction and operation continues to decline. 


Of course, an important prerequisite is that wind farm installations are properly located, since they 
will mitigate and prevent even more potential impacts on both natural and anthropogenic 
environment. The most crucial issue of wind farm development is its appropriate sitting. A 
conventional power plant can be installed almost anywhere, unlike wind farms, which should be 
located in places where certain wind velocity exists. In addition, specific areas with specific 
characteristics, either environmental, technical/economic or social, that set the installation of the 
onshore wind farms unviable, should be excluded from the outset. 


In order to avoid the land-based negative impacts of wind farm siting in Greece, minimum and 
maximum distances and safety limits around specific areas have been recorded in the legislative 
framework of the Special Framework for Spatial Planning and Sustainable Development for 
renewable energy sources (SFSPSD-RES) (MEECC, 2008). 


In the present paper, the restrictions set by SFSPSD-RES are considered for the appropriate wind 
farm sitting in the Regional Unit of Magnesia in Greece. It should be noted that in cases where the 
above-mentioned framework does not provide any specific distances to spatial criteria, values cited 
in the international literature are considered (eg Baban and Parry, 2001; Tegou et al, 2007; Aydin et 
al, 2010; Lejeune and Feltz, 2008; Georgiou et al, 2012; Wang et al., 2014; Latinopoulos and 
Kechagia, 2015; Kazim et al, 2015). The exclusion criteria as well as the minimum safety distances 
are applied through Geographical Information Systems (GIS). In addition, areas that have been 
already occupied by wind farms are excluded from the analysis. The paper concludes to appropriate 
areas for onshore wind farm siting, satisfying environmental criteria as well as technical, economic 
and social constraints. 


2. ONSHORE WIND FARM SITING CRITERIA 


2.1 Literature Review on Onshore Wind Farm Siting Criteria 

Many environmental, technical, economic and social factors influence decision-making on site 
selection of onshore wind farm applications, including wind speed, topography and geology of land, 
network structure, areas with significant natural resources, etc. In order to avoid negative impacts 
imposed by onshore wind farms, minimum-maximum distances as well as safety limits should be 
defined around specific areas. The primary siting criteria according to the international literature 
include: wind velocity, distance from residential areas, distance from areas of environmental interest, 
distance from networks (road networks, electricity distribution networks, airports, telecommunication 
infrastructure), distance from tourist activities and points of interest, slope, altitude and land use. The 
most cited criteria amonsgt them are (Bili and Vagiona, 2017): wind velocity, slope, proximity to 
residential areas, protected areas and road networks. 


1.Wind velocity 

Wind velocity is one of the most important factors in determining onshore wind farm siting. The 
viability of wind energy in a given location depends on the existence of efficient wind velocity at the 
height at which the turbine is to be installed (Vanek and Albright, 2008). Any wind turbine design 
option should be based on the average wind speed in the selected wind turbine area (Ucar and Balo, 
2009). The criterion of wind velocity is considered as the primary and most important criterion in 
wind farm siting applications and is incorporated in almost every study. 


The proposed wind velocity thresholds found in the literature vary significantly. Argyros (2011) notes 
that electricity can be generated from a wind turbine even at 2m/s. Baban and Parry (2001) consider 
the speed limit acceptable at 4-5 m/s, Grammatikogiannis and Stratigea (2009) report that locations 
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where the wind speed is greater than 7m/s should be selected, while Blankenhorn and Resch (2014) 
and Latinopoulos and Kechagia (2015) indicate that areas with average wind speed lower than 4.5m/s 
should not be considered as appropriate. Sunak and Höfer (2015) note that an average annual wind 
speed below 6 m/s is considered to be no longer economically feasible and, therefore, areas with a 
wind speed of less than 6 m/s are excluded. 


2. Distance from residential areas 

Wind farm siting in or close to urban areas is restricted in order to prevent noise and visual impacts, 
landscape effects and shadow flicker. Moreover, it is not possible to install wind farms in urban areas 
because of space availability as well as the impact on inhabitants’ welfare. The majority of researchers 
in wind farm siting exclude the developed area itself and a buffer zone around it, apart from Gorsevski 
et al (2013) and Rodman and Meentemeyer (2006), who solely exclude the developed area. 


Buffer zones less than 550 meters from residential areas and 400 meters from mixed land use areas 
should be excluded according to Höfer et al (2016). Distances from residential areas vary from 500 
meters (Yue and Wang, 2006) to 2500 meters (Bennui et al, 2007) in the literature. Ouamni et al 
(2012) evaluate the feasibility of installing wind turbines in potential areas on the basis of a distance 
from urban areas greater than 1000m. Gass et al. (2013) applied a GIS buffering to exclude all areas 
within Ikm of distance to settlement areas from technically feasible wind turbine sites. Tsoutsos et al 
(2015) applied a series of criteria set by SFSPSD-RES and related to the implementation of minimum 
distances from urban activities. A minimum distance of 1000 m from the settlement boundaries 
should be considered for towns and settlements with population over 2000 inhabitants and a distance 
of 1500 m from settlement boundaries of traditional settlements. The minimum distance for the rest 
settlements as well as monasteries is set to 500 m. 


3. Distance from areas of environmental interest 

Wind power installations occupy large areas, usually in hills or mountains. The construction of roads 
to access wind farms, the excavations in construction phase as well as the huge quantities of concrete 
needed for the bases of turbine towers, change the geomorphology of the area and affect negatively 
flora and fauna. The proposed distance from areas of environmental distances depends on the regime 
of environmental protection. For example, Baban and Parry (2001) suggest that the wind farm 
location should not be located within 1000m of areas of ecological value or special scientific interest. 
Aydin et al (2010) proposed minimum distances of 1000m from areas of ecological value, of 250m 
from ecologically sensitive areas, of 500m from wildlife conservation areas and of 300 m from nature 
reserves to reduce risk to birds. Latinopoulos and Kechagia (2015) propose that wind farms should 
not be sited on or within 1000m from protected landscapes, in order to preserve the esthetic value of 
natural environment. According to Tsoutsos et al (2015), a minimum distance from Sites of 
Community Importance of Natura 2000 should be set to 1500m. 


4. Distance from networks (road networks, electricity distribution networks, airports, 
telecommunication infrastructure) 

Wind turbines should be located near existing transmission lines and access roads in order to reduce 
construction, operational and maintenance costs. However, there is no generally valid definition of a 
maximum distance from the wind turbines either to the road or to the electricity distribution network. 
Wakeyama and Ehara (2011) propose a maximum distance of 200 meters from road networks. Bennui 
et al (2007) and Tegou et al (2010) set the maximum distance to the next road to 2500m, whereas, 
Baban and Parry (2001) and Gorsevski et al (2013) set it to 9000m and 10000m, respectively. 
Tsoutsos et al (2015) record a safety distance of 120 meters from all networks, while in Höfer et al 
areas with a larger distance than 500 m from roads get the lowest value score (the value scores 
increase with decreasing distance). 
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5. Distance from tourist activities and points of interest 

Tourism, historic, cultural and religious places are considered as restricted areas that are excluded 
from the total land and the remainder is the land on which it is possible to erect an on-shore wind 
farm (Ali et al, 2017). To minimize the impact of wind farms on local tourism, Tsoutsos et al (2015) 
report that wind farms should be at a distance of at least 1000 meters from touristic activities. Xydis 
et al. (2013) and Latinopoulos and Kechagia (2015) agree with this value in their studies performed 
in the Greek territory. In order to preserve the cultural heritage, Baban and Parry (2001) claim that 
wind farms should not be located on or within 1000 m of historic sites and National Trust property. 
Tsoutsos et al (2015) propose that safety distances of 3000m should be considered from World 
Heritage, archeological monuments and historical places of high importance, of 500m from the rest 
archeological sites, cultural monuments, historical sites and of 500m from monasteries. 


6. Slope 

Soil slope is a very important factor in wind farm siting as it affects the ease of construction and 
maintenance. Steep slopes may reduce the accessibility of cranes and trucks and increase construction 
costs. Wakeyama and Ehara (2011) report that the maximum slope ranges from values with a 
maximum gradient of 20%. Bennui et al (2007) exclude hilling areas steeper than 15% slope, while 
Haaren and Fthenakis (2011) suggest that the slope should under no circumstances exceed 15%. Höfer 
et al (2016) assume a maximum slope of 30% that corresponds to the opinions of the regional wind 
power experts and wind farm planners who participated in a conducted survey. However, very deep 
slopes (> 10%) have been excluded in the majority of wind farm siting studies (eg Baban and Parry, 
2001; Haaren and Ftenakis, 2011; Georgiou et al, 2012; Kazim et al., 2015). 


7. Altitude 

As far as the altitude is concerned, the generated wind energy decreases as the altitude increases, as 
the air density decreases at higher altitudes. Digital Elevation Models are used to define suitable land 
based on elevation. Wakeyama and Ehara (2011) select areas with altitudes below 1000m, while Gass 
et al (2013) and Noorollahi et al (2016) propose 2000m as the cut-off criterion. 


8. Land use 

Some types of land uses are considered more suitable for onshore wind farm sitting. Areas with sparse 
vegetation are more suitable for wind farm siting than areas with dense vegetation. Baban and Parry 
(2001) in their study note that it is forbidden to develop wind energy projects on agricultural land. 
Land uses such as agricultural land, barren land, grassland and shrubland are considered more 
appropriate, while forest land less, according to Haaren and Fthenakis (2011). Gorsevski et al (2013) 
distinguish classes representing different levels of land use suitability. Classes representing cropland, 
pasture, shrub land, or barren land are considered the most suitable land cover. Grassland and forested 
land represent moderately suitable land cover. Classes such as low intensity residential areas are 
considered as the least suitable areas while developed areas, open water, and wetlands are considered 
constraints. Lozano et al (2014) distinguish nine classes of agrological capacity (suitability of land 
for agricultural development) that range from 0 (excellent — not suitable to host a wind farm) to 8 
(low — very favourable to host wind energy facilities). 


2.2 Greek institutional framework for wind farm siting 

Article 6 of the Special Framework for SFSPSD-RES (MEECC, 2008) notes that the installation of 
wind farms is not permitted inside: 1) World Heritage areas, archaeological monuments and historical 
places of high importance, as well as in archaeological sites of zone A; 2) Areas of absolute protection 
of the nature; 3) Wetlands RAMSAR; 4) Centre of national forests, nature monuments, aesthetic 
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forests; 5) Sites of Community Importance of Natura 2000; 6) Inside urban plans and settlement 
boundaries; 7) Areas of integrated touristic development and organized productive activities of the 
tertiary sector, thematic parks, touristic ports and beaches; 8) Tourist and residential areas (outside 
the building plan); 9) Notable coasts and beaches (included in water bathing monitoring program); 
10) High-productivity farmland; 11) Quarries and mines; 12) Areas or part of areas that are subject 
to a specific land-use regime, which forbids wind farm siting. 


2.3 Selected criteria and buffer zones for onshore wind farm siting 

Several exclusion areas according to criteria recorded in SFSPSD-RES are identified in the Regional 
Unit of Magnesia. Table 1 lists all the exclusion criteria and incompatible buffer zones for onshore 
wind farm siting applied in this study. It should be noted that in cases that the SFSPSD-RES does not 
provide any specific buffer zone, values found in the international literature are considered. 


3. ANALYSIS OF THE STUDY AREA 


The Regional Unit of Magnesia is one of the 52 Regional Units of Greece and administratively 
belongs to the region of Thessaly. It has an area of 2637 km? and its population population reaches 
190010 people according to the 2011 census. The capital of the regional unit of Magnesia is Volos, 
that counts 144449 inhabitants. 


The Regional Unit of Magnesia includes valuable natural and cultural resources as well as remarkable 
tourist infrastructures. Traditional settlements, facilities of particular architectural interest, historical 
and archaeological sites, as well as various museums can be found in the area. In addition, there is a 
railway network, port facilities, an airport, a ski center and numerous tourism paths. The national road 
network has a total length of 321 km. 


Areas that belong to the network of core breeding and resting sites for rare and threatened species, 
and some rare natural habitat types which are protected in their own right (Natura 2000) include: Oros 
Pilio (GR 1430008/ 36216.5ha), the area covered by reservoirs of the former Karla lake (GR 1430007/ 
12422.9ha), Oros Mavrovouni (GR1420006/ 37146.90ha), Kouri Almyrou-Agios Serafeim 
(GR1430002/ 100.28ha), Oros Orthys-Vouna Gkouras-farangi Palaiokerasias (GR1430006/ 
31093.50ha). In the Regional Unit of Magnesia, several Areas of Outstanding Natural Beauty 
(AONBs) and Wildlife Refuges can be found. 


Figure | depicts wind farm applications that are in production license or have already been rejected 
as well as the wind capacity of the Regional Unit of Magnesia. Wind velocity in the Regional Unit of 
Magnesia is relatively low, since wind velocity does not exceed 5m/s in most parts of the study area. 
Nevertheless, in the wider area of Pelion, the wind velocity increases and reaches up to 9m/s. It should 
also be noted that the highest carrying capacity is measured at Municipal Units of Almyros and 
Velestinos (> 100). 
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Table 1: Exclusion Criteria Restrictions 


A/A Exclusion Criteria Buffer zones Buffer zones Literature Buffer 
SFSPSD-RES review zones 
(d=85m) Present 
case study 
1 Wind Velocity 5m/s 5m/s 
(eg Baban and Parry, 2001; 
Tegou et al, 2007; Georgiou et 
al, 2012) 
2 Distance from areas of 1000m 1000m 
environmental interest (eg Baban and Parry, 2001; 
Aydin et al, 2010; Wang et al., 
2014;  Latinopoulos and 
Kechagia, 2015) 
3 Bathing Waters 1500m 1500m 
4 Archaeological 595m (7d) 595m 
monuments and historical 
places of high importance 
5 Monasteries 500m 500m 
6 Distance from residential | 1000m 1000m 
areas>2000 population 
7 Distance from residential | 500m 500m 
areas<2000 population 
8 Traditional Settlements 1500m 1500m 
9 Distance from road | 127.5m (1.5d) 127.5m 
networks, electricity 
distribution networks 
10 Distance from airports 5000 m (Lejeune and Feltz, | 5000m 
2008; Kazim et al, 2015) 
11 | High-productivity 127.5m (1.5d) 127.5m 
farmland 
12 Quarries and Mines 500m 500m 


* d is the diameter of the wind turbine’s rotor, which is equal to 85 m 
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4. RESULTS AND DISCUSSION 


In the present application, areas which are excluded due to incompatibility include ports, the airport, 
bathing waters, listed cultural monuments, monasteries, telecommunication antennae, the road 
network and the electricity grid, SCIs and SPAs of the Natura 2000 network, Wildlife Refuges, 
AONBs, settlements and high-productivity farmland. The excluded areas are presented in Figure 2. 


Figure 2: Excluded areas 


In addition, the minimum distances presented in Table | are applied, leading to the appropriate areas 
for wind farm siting in the Regional Unit of Magnesia. 


949 


Soft and renewable energy sources 


Figure 3: (a) Buffer zones from areas of residential areas (b) Buffer zones from areas of 
environmental interest (c) Buffer zones from cultural interest (d) Buffer zones from 
infrastructures (e) Areas with wind velocity lower than 5 m/sec and (f) Land suitability areas. 


It is obvious that the available areas for wind farm siting in the Regional Unit of Magnesia are really 
handful due to the special morphology of the area, the prevailing wind (wind velocity below 5m/s) as 
well as the existing onshore wind farm infrastructures. Compatible areas for wind farm siting can be 
found mainly on the southern part of Pelion and on the eastern side of the Municipal Unit of Almyros. 


The surface of areas that have been already occupied by wind farms in production license covers 
0.77% of the total area, while the surface of compatible areas found from the above analysis covers 
0.87% of the total area. 


5. CONCLUSIONS 


In recent years, there has been a constant increase in the share of energy from RES, especially wind 
energy due to its high potential in final energy consumption. However, wind farm siting is a complex 
issue, including various technical, socio-economic and environmental factors. Numerous studies 
investigating onshore wind farm siting can be found in the literature. 


A thorough research into the Greek institutional framework, which comprises the Special Framework 
of Spatial Planning and Sustainable Development for Renewable Energy Sources and an extensive 
literature review has been performed to formulate the exclusion criteria, which are finally included in 
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this analysis. The primary objective for selecting the appropriate criteria is the sustainable siting of a 
wind farm that minimizes or even avoids any impact on physical and anthropogenic environment. 


The present research constitutes a mainland application on the Regional Unit of Magnesia, where 
wind velocity is quite low over a large part of the area. However, it can serve as an ex-ante evaluation 
of potential new onshore wind farm investments and provide useful directions for policy and decision 
makers. The criteria selected in this study could be applied in any spatial scale, from local to national 
contributing to the sustainable onshore wind farm siting. 
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Abstract 

The sea represents a huge potential for Blue Renewable Energy Sources (BRES) such as waves, tides 
and marine currents, including the Euripus Straits and the Cephalonia’s Coastal Paradox. The 
possibility of exploiting the BRES, of zero-head sea and tidal currents, for power generation has given 
little attention in Europe, in Mediterranean countries and in Greece, despite the fact that such currents, 
representing a large renewable potential, could be exploited by modern technologies to provide 
important levels of electric power. The present paper tries to describe simple physical models for the 
hydraulic explanations of two of the most astonishing marine currents of the world, the Cephalonia's 
Coastal Paradox (CCP) and the Euripus Strait Current (ESC), continuing to puzzle the scientists for 
many decades. The CCP is consisting of a mysterious flow of the "through the island" strong 
underground coastal current, with a continuous seawater inflow in the Livadi Gulf, near Argostoli, 
reappearing in the other side of the island, in the Gulf of Sami. Passing from the Ionian Sea to the 
Aegean Sea, the CCP finds its hydraulic flow analogue, in the tidal current of ESC, also among the 
most famous world coastal phenomena. This is a remarkable exceptional fact in spite that tidal 
currents in the Mediterranean Sea are in general comparatively weak. Since ancient times many 
scientists try to cite advanced arguments towards parts of the global “Euripus problem” solution. One 
of the main aims of the present paper is to propose innovative efficient technical solutions, in order 
to harness the current potential of the CCP and the ESC, with a series of innovative Horizontal 
Archimedean Screw Turbines, based on the first in the world Horizontal Archimedean Screw Turbine 
built and studied at BOKU Vienna University. 


Keywords: blue renewable energy sources, coastal Cephalonia’s paradox, Euripus strait current, 
kinetic small hydro plants, Archimedean screw turbines 


1. INTRODUCTION 


The present paper, part of the research project entitled “Research of Sea Hydraulic Mysteries of 
Euripus and Cephalonia-Inventory of Blue Hydropotential”, examines two special cases of Blue 
Renewable Energy Sources (BRES) probably unique in the world, Cephalonia and Euripus cases and 
how harnessing their potential (Figure 1). Both sites are a glance at the sea water current and tidal 
past and a promising modern look into the future blue renewable hydraulic kinetic energy. 
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Figure 1: How harnessing the Blue Renewable Energy Sources (BRES) of the Coastal 
Cephalonia’s Paradox (CCP) and Euripus Strait Current (ESC)? 


It is well known that the sea represents a huge potential for Blue Renewable Energy Sources such as 
waves, tides and marine currents, including the Euripus Straits and the Cephalonia’s Coastal Paradox. 
The possibility of exploiting the BRES, of zero-head sea and tidal currents, for power generation has 
given little attention in Europe, in Mediterranean countries and in Greece, despite the fact that such 
currents, representing a large renewable potential, could be exploited by modern technologies to 
provide important levels of electric power. The particular sea and tidal currents of Cephalonia and 
Euripus Strait and their living forces were in the past used by sea-mills and tidal mills for cereal 
exploitation playing an important role to the local society and economy [1,5,6]. The pioneer English 
Stevenson made important observations of the over the centuries unexplained Thalassomili 
Katavothres phenomenon and created in 1835 the first cereal productive Argostoli mills exploiting 
the unknown living forces of sea water penetrated into the local katavothres and disappearing into the 
porous limestone of the island. According to the geologist Miliaresis [2,3] the 1953’s earthquakes 
made the destruction of the productive Cephalonia sea-mills. Fuller [2] and Crosby [3] made 
important works about the fundamental role of the slight variations in sea water density introducing 
sufficient differences in pressure to produce circulation. Koder [4] gives some very valuable 
information for three existing tidal mills in Negreponte (Chalkis) during the Venetian period. 
Unfortunately, Cephalonia sea mills and Euripus tidal mills stopped to operate. For the case of Chalkis 
there are no fingertips of the glorious tidal mill past. For the case of Cephalonia, the sea- 
mills of nowadays, build in Argostoli during 60’s, have only a touristic attraction, without any cereal 
or electrical productivity. 


The island of Cephalonia is the site of one of the most astonishing hydrological phenomena in the 
world, its coastal cross flow paradox [5]. A strange seawater massive current flows continuously into 
the karst substratum of the island through sinkholes, in the Livadi Gulf, near Argostoli (Figure 2). 
The present paper tries to describe some quite simple physical models for the hydraulic explanation 
of the strange cross-flow Cephalonia's coastal paradox and to find hydraulic correlations with a strong 
lost and forgotten water near-shore processes memory [6, 7]. This seawater current disappearing in 
the water channel entrance, in the Livadi Gulf, reappears on the opposite coast of the island at brackish 
springs, near the town of Sami (Figure 2). This strange “through the island continuous seawater 
current”, seems to be a real world unique sea hydraulic mystery, the so called ‘Cephalonia's Coastal 
Paradox’ or ‘Cephalonia's Sea-River’. 
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Figure 2: Schematic representation of the most astonishing hydraulic phenomenon in the 
world. 


Passing from the Ionian Sea to the Aegean Sea, the Cephalonian Sea-River finds its hydraulic flow 
analogue in the tidal current of Euripus Strait, which is also among the most famous coastal 
phenomena in the world, despite the fact that tidal currents in the Mediterranean Sea are in general 
comparatively weak. Since ancient times many renowned men of science, Eratosthenes, Strabo, 
Posidonius, Seleucus, Pliny the Elder and Aristotle among them, cited advanced correct arguments 
towards parts of the “Euripus problem” concerning the narrow channel of the Euripus, subject to 
strong tidal currents, which reverse direction approximately four times a day. Between the mid- 
nineteenth and mid-twentieth centuries, many scientists, among them Eginitis [9] contributed towards 
the complete solution of the Euripus problem. A recent analysis with simulations of the tidal flows in 
the North and South Evvoikos Gulfs, separated by the Euripus Strait has been presented by Tsimplis 
[10]. 


2. 2. ABOUT THE CEPHALONIA’S COASTAL PARADOX 


According to Bonacci’s Karst Hydrology the only permanent sea katavothres in the world, is the case 
of Argostoli [11]. Generally, Cephalonia’s katavothres, swallowing sea water permanently, are well- 
organized fissures in the karst mass through which the water sinks underground and they play an 
important role, from a hydraulic and hydro-geologic standpoint of view, in the whole water karst 
flow. This strange strong seawater current is disappearing continuously in the Livadi Gulf through 
sinkholes, which have formed in fractures in the rock (Triassic, Jurassic, Cretaceous and Cainozoic 
limestone and dolomite). This seawater current reappears on the opposite coast of the island at 
brackish springs, near the town of Sami. The underground seawater current route between Argostoli 
and Sami is about 15Km long (Figure 3). Such inflow-outflow seawater current phenomenon has not 
been observed in other karst islands in the Mediterranean or in other parts of the world. 


Figure 3: Schematic representation of the Cephalonia paradox. 


955 


Soft and renewable energy sources 


There must necessarily be a continuous source of energy to cause this hydraulic phenomenon of the 
continuous inflow of water below sea level, since the latter represents minimum potential for water, 
in the field of terrestrial gravity. However, it is well known that an important continuous marine 
current, the Levantine Intermediate Water (LIW), formed in the Levantine Sea, with a Northwards 
direction follows the Aegean current, which runs round the southern coast of Greece and joins the 
Adriatic circuit currents, and touches the island of Cephalonia, could probably have a vital driving 
force importance behind the Cephalonia underground sea. Who maintains the movement of the 
C.C.P.? Does the presence of a labyrinth of karst conduits play a certain role in the whole throughout 
current flow? Is it possible to occur simultaneously, various factors, like the energy of the Aegean- 
Adriatic marine current, the density flow and the presence of karst conduits, for the control of the 
whole phenomenon? [13, 14]. Which is the role of the Ghyben-Herzberg ratio of fresh and salt-water 
density to the dynamic interface of this unusual marine current phenomenon? [15, 16]. Many other 
questions and problems persist. We could probably assume that there is, in the substratum of the 
island, a kind of strange attractor, a quasi - natural ejector, which works on the principle of the water 
ram pump jet and that there, is probably operated by infiltration of water [12, 13, 16, 17, 18]. This 
good hypothesis is nevertheless not very efficient from a hydrodynamic point of view. In addition, it 
is possible to report that physical conditions of flow through siphons, venturi tubes, and tubular 
openings in the carbonate rocks could explain the whole phenomenon. 


However, judging from the negative head in the sinkholes the velocity of the fresh water appears to 
be insufficient to operate a ‘natural ram jet pump’ or suggested ‘venturi tubes’. Observing seawater 
flowing through the entry canal near Argostoli and disappearing in a system of katavothres, they 
erroneously concluded that it must flow through the interior of the island, where it looses its “earthy” 
component, thus becoming the pure water that could be observed at the springs in the foothills. The 
clouds often observed at the relatively high mountainous volume of Ainos further supported this idea 
(Figure 4). They took this as a clear indication that this water was in fact transformed into clouds 
when reaching mountaintops, thus closing the hydrological cycle. In the same figure shown is another 
explanation of the coastal cross-flow current by analogy to a jet pump. According to this analogy high 
velocity fresh water sucks seawater creates a strong Venturi effect able to power the whole 
mechanism. 
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Figure 4: Representations of ‘natural ram jet pump’, ‘venturi tubes’ and other hydraulic 
hypothesis for the local explanation the CCP. 


A quite simple hydrostatic model of three in equilibrium connected vertical tubes (3, 1, 2), filled with 
sea water, fresh and brackish water, could be used to simulate the Cephalonia Argostoli-Sami sea 
water flow mechanism (Figure 5). In this three-tube model, H is the unknown depth of mixing zone, 
AH; is the karst hydraulic gradient with pı the density of fresh water, AH? is the altitude of the exit 
brackish spring furnishing brackish water having density p2 and AH; is the input variation of the sea 
level with a density of sea water p3, with pi<p2<p3. According to the principle of communicating 
vessels the fundamental equation of hydrostatics will give 


(H+AH3).p3.g = (H+AH1).p1.g =(H+AH2).p2.¢ 
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Figure 5: Schematic presentation of the communicating vessels principle with 3 vertical tubes 


When fresh water is injected in the fresh water pipe 1, then a current moves towards the brackish pipe 
2, where the density is lower than in the sea pipe 3. It is clear that the introduction of fresh water in 
the brackish pipe provokes a dilution and decreases. After mixing, the brackish water is not as heavy 
as sea water and, therefore, rises along the interface of the fresh water and salt water to springs. The 
true causes of the CCP phenomenon have not been elucidated so far. It seems that this throughout 
Cephalonia current will continue to challenge and to puzzle us continuously. 


3. ABOUT THE EURIPUS STRAIT CURRENT 


It is well known that gravitational forces between the moon, the sun and the earth cause the rhythmic 
rising and lowering of ocean waters around the world and the creation of the tide waves. The moon 
exerts more than twice as great a force on the tides as the sun due to its much closer position to the 
earth. The development of tidal science began in Antiquity, with the cosmology of Aristotle, who 
observed that ‘ebbings and risings of the sea always come around with the Moon and upon certain 
fixed times’. Aristotle used his books “On the Heavens and Physics” to put forward his notion of an 
ordered universe divided into two distinct parts, the earthly region and the heavens [6, 7]. Other 
developments in tidal science at this time included those by Pytheas, who travelled through the Strait 
of Gibraltar to the British Isles and reported the half-monthly variations in the range of the Atlantic 
Ocean tides, and that the greatest ranges occurred near the new and the full Moons. Many other 
aspects of the relationship between tides and the Moon are noted in Pliny the Elder’s “Natural 
History” [6, 7]. Pliny described how the maximum tidal ranges occur a few days after the new or full 
Moon, and how the tides at the equinoxes in March and September have a larger range than those at 
the summer solstice in June and winter solstice in December. 


Tidal flows are very weak in the Eastern Mediterranean, and the Euripus strait is a remarkable 
exception. Tidal flow peaks at about 12Km/h, either northwards or southwards, and lesser vessels are 
often incapable of sailing against it. When nearing flow reversal, sailing is even more precarious 
because of vortex formation. The whole problem has not yet been given a general and complete 
solution. Some of the questions associated with this subject have been correctly explained, but not 
always with completeness and the required scientific proofs, others were given a bad solution or 
misunderstood, while others have been quite ignored, owing to the lack of the necessary tidal data 
and some had not been studied at all. The complete solving of the Euripus problem is due to 
D. Eginitis, who published his conclusions in 1929 [9]. It seems that Eginitis gives the general 
solution of this famous Euripus tidal problem, with all the proofs provided by the theory and the 
observations, based on the laws of Hydrodynamics and Celestial Mechanics and the respective rules 
of Hydraulics, taking into consideration the tide observations made by the Hydrographical Service of 
the Ministry of Marine. 
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It seems that the tide observed in the gulf of Euboea is nearly exclusively derivative, and it is produced 
not only by a local tide of the Aegean Sea as up to this time it was erroneously thought to be, but it 
comes from the Eastern basin of the Mediterranean Sea which is simultaneously fluctuating with the 
Western Mediterranean. On this latter there is a slight influence of the tides of the Atlantic Ocean. So 
the Aegean Sea could be considered as a gulf of the Eastern Mediterranean, through which its tide is 
transmitted to the gulf of Euboea entering it through its two ends and so reaching Euripus. Without 
this tide, coming from the Eastern basin of the Mediterranean Sea, the great difference of the times 
of establishment of the two ports of Chalkis, situated at a distance of a few metres, remains in suspense 
(left part of the Figure 6). According to Tsimplis et al [10] the reported values for the Euripus Strait 
tidal currents are as high as 4.4 m/sec, the tidal signal is choked at the strait and consequently very 
little energy is transferred between the north and the south Evvoikos Gulf. It seems that the sea level 
of both gulfs oscillates independently of each other and causes significant sea level differences and 
strong currents across the Euripus Strait. The tide reaches the south part of the north Evvoikos Gulf 
later than it reaches the northern part of the south Evvoikos Gulf. Moreover, the tidal amplitude is 
lower at the southern opening of the south Evvoikos Gulf than at the north opening of the north 
Evvoikos Gulf, due to the standing wave nature of the semi-diurnal tide within the Aegean. The tides 
are further enhanced while propagating through the canals of Trikeri and Oreoi in the north Evvoikos 
Gulf. As a result, the north Evvoikos oscillates everywhere with amplitudes which are virtually the 
same everywhere in the basin. In contrast, the southern Evvoikos Gulf has much smaller tides. Thus 
the six-hourly variation of currents is produced mainly by the relatively large semi-diurnal tides of 
the north Evvoikos Gulf, which introduce six- hourly changes in the sign of sea level differences 
between the two gulfs (left part of the Figure 6). A characteristic optical view of the tidal model of 
Tsimplis et al [10] concerning the sum of the major tidal components in the Hellenic Seas is given in 
the right part of the Figure 6. 
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Figure 6: Views of the tidal model of Tsimplis et al [10] for the major tidal components in the 
Hellenic seas. 


The kinetic power P, expressed in W, in sea currents, such as the cases of the Cephalonia's Coastal 
Paradox (CCP) and the Euripus Strait Current (ESC), is related to the velocity of the water passing 


through the cross section of a sea channel and is given by the equation P = (1/2).p.| V° -dA ,where 
P 


is the water density (kg/m°), A is the cross sectional area of the channel (mô) and V is the sea current 
flow velocity (m/s). Figure 7 shows the expected influence of the flow speed on kinetic power density 
P/A expressed in kW/m. 
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Figure 7: Kinetic power density expressed in kW/m?. 


Figure 7 shows that the kinetic power flux density in a 3m/s current is approximately 15 
kW/m2. This suggests that the kinetic power available for conversion in various parts of the 
world, including those of ESC of Euripus and CCP of Cephalonia, should be very useful blue 
renewable energy to be exploited by innovative horizontal axis Archimedean screw turbines. 


In order to study and to investigate theoretically and experimentally the horizontal screw turbine 
performances, the first in the world horizontal Archimedean screw turbine has been built and tested 
at BOKU Vienna University [20]. The basic geometrical characteristics of this innovative screw rotor, 
that is installed and experimented in the hydraulic channel at the Laboratory of the Institute for Water 
Management, Hydrology and Hydraulic Engineering, in Vienna, are given in Figure 8. The length L, 
the diameters (output and input), the pitch S and the number of blades of the screw rotor are L=0.945 
m, D.=200mm, Dj=100mm, S=200mm, S/Do=1 and n=3 (number of blades). 


945 200 


Figure 8: One blade basic design characteristics of the three bladed horizontal screw rotor 
[20]. 


The horizontal screw rotor could rotate horizontally and change orientation direction (01, 02, 03...., 
with A9=100°), forming an upstream maximum value of azimuthal angle of 50° and a downstream 
maximum azimuthal angle of 50° with its initial position, as indicated in Figure 9. 


Figure 9: Modalities of horizontal orientation direction changes of the horizontal screw rotor. 
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Two realistic pictures of the first in the world developed horizontal axis 3-bladed screw turbine, in 
experimental operation, in the laboratory channel of BOKU Vienna University, with upstream and 
downstream views, are given in the following Figure 10 [20]. 


Figure 10: Upstream and downstream views of the horizontal screw rotor in the laboratory 
channel [20] (photos: Alkisti Stergiopoulou). 


The hydrodynamic performances estimation of the horizontal screw turbine is based on the idea of 
the undershot horizontal axis screw waterwheel. Consider the horizontal screw waterwheel, having 
an effective radius R (m), a frontal screw blade wet section A(m7) and an angular velocity w(rad/s) 
rotating in a stream flow of velocity v (m/s) (see Figure 11). The available input power Pin (W) and 
the output power produced Pou(W) of the horizontal axis Archimedean screw turbine can be 
determined by the relations Pin (W)= (1/2). p. V?.A and Por=T . œ, where p=water density (K g/m°) 
and T=torque (N.m). The angular velocity œ is given by @=2.2.N/60, where N=rotation speed (RPM). 
The torque T is obtained by the relation T=Fa .R, in function of the drag force exerted on the screw 
blade Fa =Ca, (1/2).p.A.V 7, with Ca the screw blade drag coefficient. The efficiency degree n could 
be defined by the following relationship n = Pout/ Pin. A simple schematic representation of the 
horizontal screw waterwheel rotating in stream flow of velocity V is given in Figure 11. 


Figure 11: Horizontal screw waterwheel rotating in stream flow of velocity V. 


According to the obtained experimental results, the highest value of the experimental efficiency could 
arrive the level of about 83 %, with an azimuthal angle of 35° at various rotation speeds (e.g. 75 RPM) 
[20]. 


4. HARNESSING THE KINETIC POTENTIAL OF THE ESC AND CCP WITH 
HORIZONTAL ARCHIMEDEAN SCREW TURBINES 


According to the two scenarios proposed by Tsimplis [10], concerning the current velocities of the 
Strait of Euripus, of about 3.4 m/s and 4.4 m/s, the power densities could be (P/A) 1 tsimplis = 20.14 
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KW/m? and (P/A) 2,simplis = 43.66 KW/m?. Approximate estimations of the theoretical total current 
power of the strait could be P1 ,th,tsimptis = 6,45 MW and (P)2.th, tsimplis=13,92MW. By taking into account 
the Lanchester-Betz limit Cp of about Cp=16/27, the total strait current power could be equal to 
Pi tsimplis = 3,82MW and P2tsimptis=8,25 MW. For the case of five horizontal axis Archimedean screw 
turbines to operate in the Euripus Strait, geometrically similar to the first horizontal screw rotor 
studied in BOKU University, as indicated in Figure 12, with a length 2m and a frontal blade area 2m, 
the maximum installed kinetic power for the set of the five horizontal screw turbines could be P15, 
tsimplis =119,37kW and P25, tsimplis =258,71kW [21]. 


Figure 12: A set of five horizontal axis Archimedean screw turbines to operate in the Euripus 
Strait (photo: A. Stergiopoulou). 


For the velocities scenarios of Tsimplis, the approximations made for the installed capacity of a 
horizontal axis screw turbines park, having 20 similar series of five screw machines, could give 
P} park=P 15,20 tsimplis= 2.39 MW and P2 park =P2,5,20 tsimplis = 5.17 MW. Such future horizontal axis screw 
turbines parks could be implemented along the coasts or perpendicularly to the main current direction 
of the Euripus Strait, as indicated in Figure 13. 
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Figure 13: Two future implementation scenario of future horizontal axis screw turbines parks 
in Euripus. 


For the mysterious flow of the Cephalonia's Coastal Paradox (CCP), our mean current velocity 
measurements, in the input channel of Argostoli, show a mean value of about V 1(4rgoston= 0.5 m/s 
[21]. The measurements of the current velocity in the output channel of Sami show a mean value of 
about V2sami) =1.62 m/s [21]. The input current power density P/A is estimated to be 
P/A=0.64 kW/m?. The output current power density P/A is estimated to be P/A=2.18 kW/m?. For the 
case of one horizontal axis Archimedean screw turbine to operate in the output channel of Sami, 
geometrically similar to the first horizontal screw rotor studied in BOKU University, as indicated in 
the Figure 14, with a length 2m and a frontal blade area 1m?, the maximum installed kinetic power 
could be 2kW. 
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Figure 14: Mechanism of the horizontal axis Archimedean screw turbine to operate in the 
CCP output channel (photo: A. Stergiopoulou). 


A screw hydropower turbines park, with a series of similar 200 horizontal screw turbines, will have 
an overall installed kinetic power capacity of about 0.4 MW (Figure 15). 
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Figure 15: Schematic representation of a screw hydropower turbines park in CCP 
(photo: A. Stergiopoulou). 


5. TOWARDS SOME PRELIMINARY CCP AND ESC CONCLUSIONS 


Very promising innovative horizontal Archimedean Screw Turbines, based on the first in the world 
horizontal Archimedean screw turbine built, developed, perfected and studied at BOKU Vienna 
University, are proposed in the present paper. These horizontal screw turbines could be used in 
Euripus and in Cephalonia in the future, in the form of Archimedean screw parks, harnessing the 
kinetic hydropotential of ESC and CCP. Figure 16 gives two artistic views of horizontal axis screw 
turbines to exploit the blue energy potential of the CCP in the output channel near Sami. 


Figure 16: Artistic views of horizontal axis screw turbines in the output channel of the CCP 
(photo: A. Stergiopoulou). 
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Figure 17 gives a series of artistic views of different horizontal and vertical axis screw turbines in the 
Strait of Euripus. 
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Figure 17: Artistic views of horizontal and vertical axis hydrodynamic screws in the ESC. 
(photo: A. Stergiopoulou). 


A future aim of the present paper, part of our research project “Research of Sea Hydraulic Mysteries 
of Euripus and Cephalonia-Inventory of Blue Hydropotential”, is to make C.F.D. (Computational 
Fluid Dynamics) simulations of the very complicated current flows of the CCP and of the ESC, by 
using the Flow-3D program. To simulate in the present research, the very complex tridimensional 
flow phenomena of CCP and ESC, in the presence of various rotating horizontal screw turbines, 
harnessing their important unexploited blue energy potential, a series of modern CFD simulations are 
required. A first characteristic post-processing view of such a first CFD simulation of the very strange 
and complicated “through Cephalonia sea river”, using the Flow-3D program, is presented in Figure 
18. 


Figure 18: A characteristic C.F.D. post-processing view of the first Flow-3D simulation for the 
“through Cephalonia sea river”. 
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Abstract 

There is no official estimation regarding the Energy Poverty in Hellas during the recent years. Several 
studies have been carried out independently, regarding specific areas or social groups, but none has 
covered the whole of the population. 


The main aims of this research study, presented here are how peoples' attitudes and views towards 
the Energy subjects and the use of Renewable Energy Sources (RES) are affected by the Economic 
Crisis, and a rather dystopian general future. How serious and important are the environmental issues 
considered to be when people feel that their everyday life is threatened? This subject is approached 
through this Panhellenic survey analyzing the data gathered by questionnaires. 


A large number of areas and cities have been covered, offering a satisfactory image of the subject. 
Conclusions of this research project regard: 


a) the comfort conditions in the houses of the participants, and how these conditions have been 
changed lately. Due to the economic crisis. 

b) The attitudes of the people towards Renewable Energy Sources (photovoltaics, wind turbines, etc), 
the energy saving policy and related devices and how these attitudes have been affected by the 
economic crisis, the tariff policy and the bureaucracy. 

c) The attitudes of the participants towards energy and environmental subjects in our country, and 
how these attitudes have been affected by the current situations. 

The conclusions of the research project are hopefully very important describing the people’s attitudes 
towards energy needs, fuel consumption and R.E.S. matters during this critical period of the country. 


Keywords: Energy needs; social survey; Energy poverty, RES; Economic crisis. 
1. INTRODUCTION 


The Panhellenic social research presented here, examines the energy consumption, the energy needs, 
the comfort conditions of the people of today’s Hellas and also their attitudes towards R.E.S. 

After an extremely heavy winter (below 0°C for twenty days, very rare for Greece) and within a 
framework of an international economic crisis, Hellas has been the first of the European countries 
that has been badly affected and recently Energy Poverty is a well known fact. But at the same time, 
according to the E.U. Directives, Hellas has to conform with the regulations regarding the application 
and the use of Renewable Energy Sources. 


It is also interesting to see how environmental matters are faced in general, regarding energy sources, 
fuels and related costs during this transitory period. 
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The sensitivity of Hellenic people towards environmental matters is a diachronically acknowledged: 
the traditional architecture, the antiquities, the natural environment and the related protective 
legislation, have established a concrete culture, which more or less, nowadays has to be denied. It is 
obvious that a new environmental aesthetics culture has to be shaped. 

But parallel to the above, Hellenic people have to face their household economics, their traditional 
attitudes towards their environment (both built and natural) and their dependence from imported fuels 
(oil and gas). Among other research projects, every two years, we conduct a social research regarding 
the attitudes of Hellenic people towards R.E.S. (see Kosmopoulos 2002; 2004; 2006; 2008; 2011; 
2013; 2015; 2017). 

This study, adds to the existing literature the recent opinions and attitudes of the participants towards 
poor comfort conditions, economic crisis, RES and environment aspects. 


2. THE RESEARCH PROJECT 


The survey has been planned and carried out by members of the K-ecoprojects co. and a large number 
of students, postgraduates, and PhDs that have attended our lectures. 

The questionnaires gathered, have been processed by the staff and the collaborators of K-eco projects. 
The task has been to extract easily understandable data, in order to help the authorities that might be 
interested to use the results of our survey. The questionnaire is based upon the Guttman scale (Canter, 
1988) but it has been adapted to the well approved and generally accepted 5 point Likert scale, in 
order to be comparable to all previous relative study (see Kosmopoulos 2002; 2004; 2006; 2008; 
2011; 2013; 2015; 2017). 


3. THE SURVEY 


The research project, regarding the social attitudes towards the environmental subjects during this 
critical period, has lasted from 1/2017 to 2/2018 (ongoing), all over Hellas (and Cyprus) through the 
collection of questionnaires, and has covered the following respective number of valid questionnaires: 


AGRINIO 19 | KOZANI 31 
ATHINA 219 | KOMOTINI 47 
ALEXANDROUPOLI 21 | KORINTHIA 21 
AMYNTAIO 14 | KOS 7 
VEROIA 21 | LARISA 39 
VOLOS 43 | LEFKADA 7 
GIANITSA 14 | MYTILINI 17 
GREVENA 21 | NAFPLIO a 
DIDYMOTEICHO 11 | XANTHI 46 
DRAMA 23 | ORESTIADA 13 
EDESSA 21 | PATRA 47 
IGOUMENITSA 19 | PEIRATAS 33 
IRAKLEIO 33 | RETHYMNO 17 
THESSALONIKI 189 | RODOS 13 
THIVA 19 | SERRES 39 
IOANNINA 27 | SPARTI 13 
KAVALA 29 | TRIKALA 11 
KALAMATA 19 | TRIPOLI 7 
KARDITSA 21 | TYRNAVOS 8 
ASTORIA 39 | FLORINA 33 Map source: web.gys.gr and the authors 
KATERINI 15 | CHALKIDA 11 TOTAL: 1399 
KERKYRA 19 | CHANIA 21 
KILKIS 12 | CYPRUS 47 
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The cities where printed questionnaires have been collected are a) the same with all our previous 
similar surveys (in order to make analytic comparisons later), and b) they are the home towns of our 
non-employed collaborators for this -and the previous- surveys. They have been chosen as to cover 
the different (climatic and economic) areas of Greece. 


4. THE SOCIAL SURVEY RESULTS: 


2. Sex 3. Age Groups 4. I live... 


m 15-18 
m 19-25 
m 26-35 
E 36-45 
E 46-55 
E 56-65 
m 66-75 


E 76 & over 


E 1. Alone 


30,59 
E 2. With 


Family 


13,68 


86,32 


5. Educational level 


E 1. Elementary 
E 2. High School 
= 3. Lyceum 


E 4. TEI Degree 


m= 5. University Degree 


6. Occupation 


#1. 
E2. 
E3. 
E4. 
gS. 
m6. 
m7. 
ms. 
E o9. 


m 10. No response 


Employee 

Civil Servant 

Self employed 
Farmer 
Housekeeping 
Student (Univ. or PG) 
Pensioneer 
Unemployed 


Other 0 
| 0,42 


7.1 What is your main mean for heating? 
Boil 
E gas 
m wood (incl. pellets) 
BA/C 
E Electric heaters 
E Fan coils 


E Clothing 


34,3 


m A/C 
E Fan coils 
E Electric fans 


E Tents, opening windows 


7.2 What is your main mean for cooling? 


35,1 


39,7 


7.3 How much money did you spent annually on various forms of energy, e.g seven years ago and 


how much this year? (Averages) 


1/2017 - 2/2018 


Seven years ago 


1.291 € 


8. Do You know what Renewable Energy Sources 


are? 


9.1 Photovoltaics in buildings: 
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E 1. Very well 

E 2. Well enough 
= 3. So and so 

E 4. A little 


= 5. Not at all 


m 1. Very well 
38,52 m 2. Well enough 41,39 
E 3. So and so 
m4. A little 


E 5. Not at all 


9.2 Photovoltaics in land | 9.3 Photovoltaic Parks: 9.4 Wind Generators: 
properties: 
1. Very well 1. Very well 1. Very well 
2. Well enough 39.06 2. Well enough 29,91 2. Well enough 38,12 
3. So and so 31,08 3. So and so 28,31 
3. So and so 
4. A little 4. A little 
4. A little 5. Not at all 5. Not at all 
5. Not at all 4,39 
9.5 Wind Generators Parks: 9.6 Geothermy for buildings: 9.7 Geothermy for settlements: 
1. Very well 1. Very well 1. Very well 
2. Well enough 2. Well enough 2. Well enough 
3. So and so 3. So and so 3. So and so 31,27 
. „Ali 4. A little 
4. Alittle 4. Alittle 27,18 
5. Not at all 5. Not at all 25,95 
5. Not at all 7,08 
9.8 Biomass (wood blocks and | 9.9 Double Glazing 9.10 Insulation in walls 
pellets): 
1. Very well 47,31 1. Very well 43,18 1. Very well 42,18 
2. Well enough 2. Well enough 38,21 2. Well enough 
3. So and so 3. So and so 3. So and so 
4. A little 2,08 4. A little 4. A little 
5. Not at all 0,22 5. Not at all 5. Not at all 
9.11 Glass House: 9.12 Fan: 10. Do you know that all of the above 
can help the family income? 
1. Very well 1. Very well 57,32 
2. Well enough 31,02 2. Well enough 
3. So and so 26,21 3. So and so 
4. A little 4. A little 
5. Not at all 5. Not at all 
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11. Do you know that all of the above 
can help our national economy to 
become independent from imported 
oil and natural gas? 


93,27 


1. Yes 


2.No 


6,73 


12. Do you know that all of the above 
can help to reduce environment 
pollution? 


1. Yes 


2.No 5,62 


13. Do you already use any of the 
above? 


91,37 
1. Yes 


2.No 8,63 


13.1 If yes, which one: 


Biomass 

Geothermy for buildings 
Geothermy for settlements 
Photovoltaics in buildings 
Photovoltaics in land property’s 


Wind generator 3,17 


14,65 


8,97 


P.V.S.?: 


1. At home (roof, façade, yard) 


13.2 If no, would you like to install for example 


62,18 


2. At land property 11,82 
3. To the building where | work 12,17 
4. At our office or manifacturing 7,31 
installations 

5. Other 6,52 


14. If you have already 
attempted to do so, what is your 
comment on the necessary 
beaurocracy? 


1. Very helpful 

2. Simple 

3. So and so 

4. Hard to cope with 


5. Disappointing 


6. Not attempted to do so 36,37 


15. If you are reassured from the 
authorities that you will have 
definite economic gain, and a 
simple beaurocratic procedure, 
would you proceed to install any 
of the above? 


1. Definitely yes 38,91 
2. Rather yes 41,28 
3. Maybe 

4. Rather no 

5.No 


6. No Response 


16. Do you think that the 
installation of P.V.S and W.G.S 
insult/destroy the 
aesthetics/natural beauty of 
buildings and/or the natural 
environment? 


1. Definitely yes 
2. Rather yes 
3. Maybe 


4. Rather no 


5.No 


17. Would you accept a nuclear 
plant in our country? 


1. Definitely yes 
2. Rather yes 
3. Maybe 


4. Rather no 


5.No 65,31 


Do you think that their exploitation: 


Will help the greek citizens financialy 
Would harm the natural environment 
Would help the energy/economy of our country 


Would offer profit to the oil companies 


18. We have learned that there are fossil fuels in our country. 


39,18 


34,78 
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19. Finally, would you wish to see a wide use of R.E.S. for the following reasons: 


To improve the national economy 31,19 
For the independence from foreign 
countries/companies (imported oil and gas) 

29,01 


For the household economy 


For a clean environment 


5. DISCUSSION AND CONCLUSIONS 


1. Beginning with R.E.S. an important point that has been underlined, is that since August 2012 a 
new law has decreased the income from the installation of PVs and it seems that this policy will 
continue. This legislation has a negative effect to the interest towards new installations of PVs. New 
hopes seem to arise with the Law regarding “Energy Communities” (1/2018). 


2. Regarding bureaucracy, which seems to be a major problem in Greece, people seem to be 
disappointed, but in case the state should establish simple and clear rules and also some guaranteed 
economic gain for the citizens, R.E.S. applications should definitely increase. 


3. Another interesting subject, is the change of the attitudes towards the aesthetics of the environment 
concerning the installation of R.E.S. all over the country. During two previous surveys (e.g. 2007, 
2009) people seemed to be firmly against large scale installations, arguing about the natural 
environment preservation. Nowadays, most people seem to be more interested in installing R.E.S. 
even in their property, since 55.01% declare not to be disturbed by the PVs and/or W.Gs. 


4. Recently, it has been known that in Greece there are large amounts of fossil fuels, oil and gas. Of 
course people are not precisely informed, but anyway they consider that in case these fuels are 
exploited, firstly it would help the economy and the energy problem of this country, but also that it 
would offer profits to the (foreign) oil companies. 


5. Regarding the Energy poverty in our country, the average expenses per household, as well as the 
average consumption of the several fuels, do not fully represent reality: the averages are produced 
from 0 to X. Thus, as understood, there are families with not at all heating during the winter period. 
This fact cannot be presented with simple statistics... 


6. Recent researches show that especially in large cities (e.g. Athens, Thessaloniki) where apartments 
have to share the heating expenses, due to the inability of some households to pay the bills, the whole 
building is without central heating. And moreover, another research (Institute of GSEE 2/2018) shows 
that 43% of the households in Athens metropolitan area are completely without heating! 


120 


Money spent per household 


Fuel per household 
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The money spent for heating has increased. The quantity of fuel consumed, has decreased. It is 
completely understood that the decrease of full consumption by the households is in immediate 
relationship with the decrease of the income of the people (or the lack of it) and of course the increase 
of the prices of oil and gas... 


7. The comfort conditions in the houses, has been differentiated. During the last years, most people 
say that in their houses, they have to use heavier clothing than in past, because of the lack of heating. 


Discussions with older persons lead to the following conclusions: 


a. During the 1950’s and the 60’s people were satisfied with 10° ~ 12°C in the mainly used rooms 
only by burning charcoal and/or wood. 


b. During the 1970’s, oil has become popular in the houses and multi-storey apartments. It was easy 
to use and relatively cheap. Therefore, comfort conditions have been altered. For at least three 
decades, people lived comfortably in their houses with 20° ~ 25°C degrees. 


c. But during the last decade since 2009, when firstly Hellas has officially been bankrupted, the 
households’ income has decreased dramatically, and prices in general continue to increase. Among 
the first matters to be affected have been the comfort conditions of the people. Due to the difficulty 
to pay the costs of heating, many apartments and houses decrease or completely cut the oil burning, 
and use auxiliary devices for short periods of time. Heavy clothing seems to be again the solution in 
general... A mean of 17° ~ 19°C degrees seems to be very satisfactory in most of the households. 


We also have to point out the differentiation between households that have independent means for 
heating (gas, oil, air-condition, wood burning etc.) and the apartments that have a single and common 
for all heating system, something very common in the Greek cities; in this case all of the households 
have to pay their bills, in order for the system to be used for the whole of the apartment building. 
However, each household has to face independently its own needs, and to invent the most economic 
combinations for means of heating. 


d. Regarding gas, during the last 15 years in several large cities, gas has been distributed and been 
installed in many households. But since the mean income has decreased and the prices have increased, 
even gas, seems to be an expensive mean for heating. 


e. Prices of electricity tend to put A/C inverters and electric heaters out of question or as a final 
solution for a short period of time... 


f. Now, regarding wood burning. There are the following categories: 


Legally bought wood and pellets 
Illegally cut wood from the forests 
Parts of useless wood furniture (they contain toxic chemicals) 
i. We also have to mention newspapers, cardboxes, and paper products with toxic chemicals. 


It is a fact that the above heat producing items, are a lot cheaper than oil and gas, not to mention non- 
organic garbage (even if it is recyclable or toxic) which is completely free. 


6. CONCLUDING REMARKS 


1. People are interested indeed for the protection of the environment, for the national economy, for 
the release from imported fuels, and finally for the personal/family economic profit from the 
application of R.E.S., but they are also disappointed from the new economic policy applied to R.E.S. 
and the necessary bureaucracy. 


2. Now, regarding R.E.S. some 12-15 years ago, after aspiring promises by the state, many people 
had chosen to install P.V.’s at their houses, buildings or land properties, but their reward has been 
disappointing. Despite the enthusiasm and the investment, prices per Kwh have dropped down 
dramatically, and new investors are hard to show up. New hopes seem to rise with the legislation 


972 


Protection and restoration of the environment XIV 


regarding “Energy Communities”, after the well-established and successful example of several E.C. 
countries. It is a pity that our country is not yet fully exploiting the potential of the sun and the wind. 


3. It is completely understood that the decrease of fuel consumption by the households is in immediate 
relationship with the decrease of the income of the people (or the lack of it) and of course the increase 
of the prices of oil and gas. 


4. Energy poverty in today’s Hellas is a fact. Urgent measures have to be applied by the state in order 
to satisfy the energy needs of the mean households. 


5. Finally, I feel ashamed of the fact that when Jeremy Rifkin (The hydrogen economy) visited 
Greece, said "I wonder how a country with such both sun and wind remains dependant on 
hydrocarbons". And also recently, Jeffrey Sachs (UN Sustainable Development Network) has stated 
the same in an interview. 
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Abstract 

The direct electrochemical conversion of CO2 to methanol, which is the product of choice, is quite 
difficult. On the contrary, formic acid is easily formed from CO2 on various metal electrodes by both 
high rate and %Current Efficiency (%CE) reaching 90%. This work proposes a two-step process for 
the electrochemical conversion of formic acid to methanol which includes the conversion of CO2 to 
formic acid in the first and the reduction of formic acid to CH3OH in the second. The work contains 
experimental results on the reduction of formic acid on chromium and chromium alloys. The main 
products obtained from the electrochemical reduction of HCOOH on Cr in 85% H3PO;, at 80 °C were 
HCOOCHS3 (2.1%), CH30H (17.5%) and CH4 (4.9%). The rate of the reduction increased with the 
negative potential. The total %CE in some experiments exceeded 100% and this was attributed to the 
cathodic dissolution of chromium which provided an additional reduction capacity. The reduction on 
electrodeposited chromium on Pb gave CH4 (25.7%) and less amounts of CH30H and HCOOCH3. 
On stainless steel cathodes the main products were CH30H (%7.2) and HCOOCH3 (23.1%) and 
smaller amounts of CH4. 


Keywords: Formic acid; electrochemical reduction; chromium 
1. INTRODUCTION 


Many efforts have been made during the last years aiming to the reduction of the CO2 emissions 
through the replacement of fossil fuels by renewable and/or alternative energy sources, like 
photovoltaics and wind turbines. Given that the energy produced from renewable sources is not 
constant during time, a stage of electrical energy storage is required. Olah et al. [1], showed that the 
most efficient way for the storage of the excess of the energy produced by renewable energy sources, 
is its use for the electrochemical conversion of CO2 to methanol. Consequently, methanol could be 
used as a fuel, after minor modifications of the existing internal combustion engines or in fuel cells. 
Also, methanol could be used as a raw material for the production of other organic compounds of 
higher added value [2-4]. Therefore, the conversion of CO2 to methanol is a challenging topic [5, 6]. 
As it has been proved by literature sources, the direct conversion of CO2 to methanol is very difficult, 
because it takes place at extremely low rate for industrial applications. Conversely, CO2 can be easily 
converted to formic acid by a %CE near 100% [7]. A different scheme for converting CO2 to methanol 
can be a two Step process as follows: 


In the first stage, CO2 will be converted electrochemically to HCOOH: 
CO2 + 2H + + 2e — HCOOH + H20 (1) 
and in the second stage the produced HCOOH will be converted to CH30H 
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HCOOH + 4e — CHOH + H20 (2) 


The conversion of formic acid to methanol according to the reaction (2) is also extremely difficult 
and, for this reason, this CO2 reduction scheme was poorly studied in the literature. Prior research 
from our laboratory showed for the first time that chromium is the most efficient cathode for the 
reduction of HCOOH. The main products at 85% v/v H3PO;34 at 80 °C were methyl formate, methanol 
and small amounts of hydrocarbons with 1-4 carbon atoms. The study was conducted in a narrow 
range of cathodic potentials from -0.6 V to -0.95 V, where the main products were methyl formate 
and methanol. The %CEs of methanol and methyl formate displayed a maximum of 37.4% and 166% 
37.6% respectively at -0.65 V. The fact that% CE was greater than 100% was attributed to the 
cathodic dissolution of chromium which gave an additional reduction capacity [8]. The challenge is 
to find conditions under which Cr dissolution does not take place in order to make a commercially 
applicable method. 

The aim of this present work was to investigate the possibility of avoiding the corrosion of chromium 
that takes place during the conversion of HCOOH to methanol. 


2. MATERIALS AND METHODS 


A Teflon cell having a total volume of 24 mL divided in two equal volume compartments by a Nafion 
117 (H* form) cation exchange membrane was used in all electrolytic experiments. The anode and 
the cathode were Pt and Cr foils, respectively; having the same geometrical area (7 cm7).The cell was 
placed in a thermostated water bath until the required tempera- ture was achieved. The potential was 
controlled by a Wenking POS 73(Bank Elektronik) potentiostat and the reference was the saturated 
calomel electrode (SCE). A stream of He having a flow rate of 10 mL min’! was used to withdraw 
the gaseous products and a part of the produced organic liquids from the cell during the electrolysis. 
The escaped liquids from the cell by the gaseous stream were collected in three tubes containing cold 
water. No significant volume loss of the catholyte was observed at the end of electrolysis since the 
liquid sample was only 1 mL. A gas chromatograph (GC) supplied by a Plot Q 30 m, 0.530 mm and 
a Molecular Sieve 5A, 30 m, 0.530 mm connected in series by a three way valve and a TCD detector 
was used for the determination of H2, CO and CO2. A second gas chromatograph supplied by a Pora 
Plot Q 25 m, 0.53 mm column and FID detector was used for the analysis of the low molecular weight 
organics and hydrocarbons. The detection limit for methane, methyl formate and methanol was | ppm 
and the reproducibility of the experimental results was established to be within 5%. 


3. RESULTS AND DISCUSSION 


3.1 Reduction of HCOOH on Cr 

In this study the reduction was carried out in more negative potentials, where the dissolved chromium 
which is in the solution mainly in the form Cr(II) could be redeposited on the electrode surface in 
order to avoid the mass loss of the electrode. The electrodeposition of Cr corresponds to a normal 
potential of -0.74 V but the deposition in practical applications usually requires a potential more 
negative than -1.5 V vs. NHE. At so high potential the IR Drop is very high so the measurement of 
the potential is not reliable. For this reason, our experiments were carried out under galvanostatic 
conditions. 

Table 1 shows the reduction results on an electrolyte consisting of 50/50 v/v of 85% HPO; and 98% 
HCOOH. 
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Table 1: Influence of the current density on the reduction of HCOOH in solutions that made 
by mixing 85% H3PO4 with HCOOH in 50:50 volume proportion at 80 °C. Electrolysis time 


90 min 
j/mA cm? % CE 
CHOH HCOOCH3 CH4 H2 Total 
100 2.1 17.5 4.9 174 198.5 
150 1.9 16.3 4.5 167 189.7 
200 1.6 14.8 5.6 153 175.0 
300 0.9 9.2 6.2 111 127.3 


The main products of the reduction were CH30H, HCOOCH3 and CH4. The %CEs were significantly 
lower than that on metallic chromium [8] but the reduction rate was about 1.8 times higher. The % 
CEs of products, including hydrogen, were higher than 100% in all experiments, and this was 
attributed to the cathodic corrosion of chromium. In all experiments severe cathode (Cr) corrosion 
was observed. The corrosion was visible to the naked eye, since the cathodic solution became colored 
during the time. We conclude that the rate of dissolution of chromium was higher than the rate of 
deposition of dissolved chromium. Therefore, the electrode corrosion could not be avoided by this 
way. 


3.2 Reduction on electrodeposited chromium on Pb 
A further attempt to avoid the problem of the cathodic corrosion of (Cr), was made by reducing 
HCOOH on electrodeposited Cr on a Pb cathode. In this way we aimed to find conditions under which 
the amounts of the electrodeposited Cr on the Pb and that of dissolved Cr via cathodic corrosion are 
equal. The electrodeposition solution contained [9]: 

e 50% v/v H3PO4 Kat 50% v/v HCOOH 
CrCls°6H20 100 g/L 
NH,4CI 80 g/L 
Sodium citrate 95 g/L 
H3BO3 40 g/L 
The deposition current density was 300 mA/cm? and the temperature was 60 °C. The products of the 
reduction were CH30H (0.1%), HCOOCHs3 (3.8%) and CH4 (25.7%). Additional experiments were 
not carried out in this direction because the main product was CH4 and not CH30H which is the 
product of choice. 


3.3 Reduction of HCOOH on stainless steels 

As it was mentioned above, the chromium was dissolved under cathodic conditions resulting in a 
mass loss of the electrode that makes the method economically inefficient. An additional attempt was 
made for the reduction of HCOOH on chromium alloys in order to prevent its cathodic corrosion. 
The reduction was performed on stainless steel (series 300 according to the American AISI-SAE 
standards) alloys because they are widely known for their corrosion resistance. The chemical 
composition of the alloys is shown in Table 2. 


Table 2: The chemical composition of austenitic stainless steels 


EN ASTM C(%) N (%) Cr (%) Ni (%) Mo (%) others 
Standards 

1,4301 304 0.04 0.06 18.3 8.7 - - 

1,4541 321 0.04 0.01 17.3 9.2 = Ti 

1,4404 316L 0.02 0.06 17.3 11.0 DD, 

1.4833 309S 0.06 0.08 22.5 12.5 - - 

1,4845 310S 0.05 0.06 25.0 20.0 - - 
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Tables 3 show the products obtained from the reduction of HCOOH on various stainless steels in 
solutions made by mixing 85% H3PO4 with HCOOH in 50:50 volume proportion at 80 °C and 
potentials of -0.65 V and -0.8 V. 


Table 3: % CEs of the reduction products at -0.65V and -0.8 V in solutions made by mixing 
85% H3PO4 with HCOOH in 50:50 volume proportion at 80 °C. Electrolysis time 90 min 


Cathode % CE 
(ASTM CHOH HCOOCH; CH, H: 
Standards) 
-0.65 V 
304 5.5 15.4 0.09 106.8 
321 4.6 14.8 0.06 103.5 
316L 4.3 14.2 0.08 115.3 
309S 6.6 19.3 0.11 120.9 
310S 72 23.1 0.12 123.2 
-0.80 V 
304 25 9.6 0.8 88.2 
321 1.9 10.7 0.9 89.5 
316L 1.5 8.2 0.5 91.7 
309S 2.9 12.2 0.9 102.8 
310S 3.5 13.1 1.1 103.5 


The % CEs of the products increased with the increase in chromium content of steel since the alloy 
310S which contains 25% Cr was the most efficient. The maximum %CEs of CH30H, HCOOCH3 
were 7.2% and 23.1%, respectively at -0.65 V. The obtained CEs and the reduction rate (8.2 mA/cm?) 
were much lower than those reported for the reduction of HCOOH on Cr [8] but the cathodic 
corrosion of the electrode which is the main problem was significantly lower. It should be mentioned 
that the reduction potential (-0.65 V) is only 200 mV higher than expected by the thermodynamics. 
These experiments have shown that chromium alloys can be effective electrocatalysts for the 
reduction of HCOOH. More efforts should be made in this direction because higher chromium content 
alloys would give higher %CEs. 


4. CONCLUSIONS 


The electrochemical reduction of HCOOH on a chromium cathode and 50/50 v/v of 85% H3PO4 and 
98% HCOOH solution, gave CH3OH (2.12%), HCOOCH3 (17.5%) and CH4 (4.9%) as main products. 
The total %CE in some experiments exceeded 100% and this was attributed to the cathodic dissolution 
of chromium which provided an additional reduction capacity. The reduction on electrodeposited 
chromium on Pb, yielded CH4 (25.7%) and smaller amounts of HCOOCH3 (3.8%) and CH30H 
(0.1%). On stainless steels alloys the main products were CH30H and HCOOCH3 with maximum 
%CEs of 7.2 and 23.1% respectively and less amount of CH4 (1.1%). The experimental results 
showed that chromium alloys are promising electrodes for the reduction of HCOOH. 
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Abstract 

The aim of this work was to evaluate the influence of two successive small hydropower plants (SHPs) 
on the water quality of the Vokė river (Lithuania). Two SHPs (‘Voke’ and ‘GrigiSkés’) is situated in 
the 7 km long section of the river, close to Vilnius, the capital and the biggest Lithuanian city. Water 
samples were taken in the dams above SHPs, in the rapids immediately below SHPs and 2 km below 
each SHP. The concentrations of nitrates (NO3-N), nitrites (NO2-N), ammonium (NH4*-N) and 
phosphates (PO.°*-P), and chemical oxygen demand (COD) were investigated. An increase in N and 
P compounds was detected in the dams above both SHPs. The highest increases were characteristic 
for phosphates (~40%, p <0.05) and nitrates (34% and 41%, p <0.05, in the ‘Vokė’ and ‘Grigiškės’ 
dams, respectively). Strong and statistical significant increase in the level of ammonium was observed 
only in the ‘Grigiškės’ dam (31%). Contrary to NO3-N, NH4*-N and PO4°*-P, concentration of NOx 
-N was lower in the dams of both SHPs. Strong and significant increase in COD (33%, p <0.05) was 
detected only in the dam of ‘Vokė’ SHP. Considering the river sections 2 km below the SHPs, water 
quality changed negligibly. The levels of biogenic N and P compounds tended to decrease; however, 
sharp increase in PO4**-P concentration was detected below ‘Vokė’ SHP, indicating an impact of 
subsequent ‘Grigiškės’ SHP. The levels of nitrates and phosphates were higher in the downstream 
‘Grigiškės’ SHP, as compared to ‘Vokė’ SHP, both in the dams and in the subsequent rapids. The 
results of this study have shown that the levels of biogenic and/or organic compounds tend to increase 
in the dams above SHP. The concentrations of phosphates and nitrates further increase downstream 
due to the successive SHPs. 


Keywords: Small hydropower plants, water quality, biogenic compounds, chemical oxygen demand 
1. INTRODUCTION 


Hydroelectric power stations are global source of power. Since the first hydroelectric power station, 
which was built in France in 1880, its size and complexity, due to new stacking technology and market 
demand, have highly increased. The economic and social benefits of hydropower plants are 
enormous, due to competitive and universal technology. These include irrigation, water supplies, 
flood control, recreation (Yuksel, 2010). On the other hand, hydropower plants interfere with 
environmental integrity. Although hydroelectric power plants are important are important for 
different sectors of the economy, their adverse environmental effects must be taken into account 
(Abbasi and Abbasi, 2011). 


Hydropower Plants does not consume or purify the water it uses to produce electricity, but disrupts 
the natural flow of the river and changes the flow distribution in time and space. Since water flow is 
the main factor promoting the ecological processes of a river, the disruption of natural current 
drastically affects the status of river ecosystems (Pang et al., 2015). The negative impact on 
ecosystems, biodiversity, habitats of plants and animals, fish migration is widely investigated (Baxter, 
1977; Jansson et al., 2000; Anderson et al., 2006; Santos et al., 2012; Vaikasas et al., 2015). Apart 
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from this damage, hydropower plants interfere with nutrient cycling (Zhou et al., 2013), the water 
reservoirs produce large amounts of greenhouse gases (Rosenberg et al., 2000) and pollute water with 
methylmercury (Pang et al., 2015). 


Large hydropower plants are not accepted as a clean, renewable energy source by most ecologists 
and environmental activists. Therefore small hydropower plants (SHP), which installed power are 
usually below 10 MW and whose popularity has declined in the middle of XX century, was restored 
as a substitute for clean energy as alternative for large hydroelectric power plants (Abbasi and Abbasi, 
2011; Punys et al., 2015). On a global scale, most political strategies support the idea, that SHP have 
a minimal impact on the environment or are completely environmentally friendly (Darmawi et al., 
2013). However, an increasing number of researches show that SHP interfere with rivers ecosystem 
stability by reducing the flow rate, increasing accumulation of N and/or phosphorus compounds and 
changing composition of invertebrates’ communities (Zhou et al., 2009; Punys et al., 2015; Vaikasas 
et al., 2015) 


The aim of this study was to evaluate the influence of two successive small hydropower plants (SHP) 
on the water quality of the Vokė river (Lithuania). Two SHP (‘Voke’ and ‘GrigiSkés’) is situated in 
the 7 km long section of the river, close to Vilnius, the capital and the biggest Lithuanian city. 


2. MATERIALS AND METHODS 


The investigated river Voke is located 10 km to the Southwest from Lithuania capital Vilnius. It is 
the left influent of Neris. Total length of Voke is 35.8 km, the capture area 572,7 km’, an average 
discharge 4,9 m?/s. SHP ‘Voke’ (installed power 300 kW) is located in the southwestern part of 
Vilnius city. Hydro scheme consists of earth dam with concrete gated overflow spillway. The plant 
was reconstructed in 2010 from old water mill. The reservoir area is 12.2 ha. SHP ‘Grigiskes’ 
(installed power 340 kW) in Grigiškės town, a district of Vilnius city. It was built in 1934 
(reconstructed in 2000) sing the existing (since 1922) concrete dam with 5 gates over-flow spillway. 
The plant is used for electricity production (1,656 GWh), it consists of two turbines. Discharge of one 
turbine is released into the river Vokė, whereas the second — into short adjacent canal. The reservoir 
area is 9.7 ha (Lithuanian Hydropower association, Hydropower in Lithuania 1996-2011 
http://www.lsta.|t/files/Leidiniai/Lietuvos%20HIDROENERGETIKA/Knyga_Lietuvos%20HIDRO 
ENERGETIKA. pdf). 

Water samples were taken in six places, in 7 km long section of the Voke river. The following places 


were chosen: in the reservoirs above SHPs (No 1 and 4), in the rapids immediately below SHPs (No 
2 and 5) between the SHPs (No 3) and 2 km below the SHP ‘Grigiskes” (6) (Figure 1). 


The 1* place is located in the reservoir immediately above SHP ‘Voké”. The surroundings of the 
reservoir have low population density, consists of small forests and meadows. 


The 2™ place is below SHP ‘Voké”. There is a road network nearby, the river flow is rapid, the bottom 
predominantly graveled. 


The 3" place is located between the two SHPs: 2,25 km below SHP ‘Voke’ and 4,25 km above SHP 
‘Grigiskes’. The shores are forested and winded, the bottom is sandy and intermittently dumbbell. 


The 4" place is located in the reservoir immediately above the SHP ‘Grigiskes’. The town Grigiskes 
is situated around the reservoir, there were housing and a highway close to this sampling place. The 
bottom is covered with deep layer of sludge. 


The 5" place is located below the SHP ‘Grigiskes’. The river flow is rapid, the bottom predominantly 
graveled. There is a highway close to the sampling place, the other shore is steep and forested. 


The 6" place is located 2 km below the SHP ‘Grigiskes’ and 1 km above the river inflow. The shores 
are urbanized. 
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Water samples were stored at -20 °C until chemical analysis. The concentrations of nitrates (NO3°- 
N), nitrites (NO2-N), ammonium (NH4*-N) and phosphates (PO4*-P) were investigated according to 
Bartošová et al. (2012) with minor changes. Chemical oxygen demand (COD) was analysed using 
AQUANAL'-professional tube tests and WINLAB® photometer according to manufacturer 
instructions. 


All analysis were performed in three replicates. The data were analysed using STATISTICA 8 and the 
results were expressed as the mean values and their confidence intervals (p<0.05) (+95% CI). 


“Grigiskiu” SHP 


20 
o1 


“Voke” SHP 


Figure 1. Sampling points in the river Voke. 
3. RESULTS AND DISCUSSION 


3.1 Concentrations of nitrogen compounds 

The concentrations of inorganic N compounds, such as ammonium, nitrites and nitrates were 
investigated (Figure 2). Tendentious increases of the levels of ammonium and nitrates are 
characteristic for water reservoirs above each SHPs. The highest concentration of NH4*-N was 
detected above SHP ‘Voke’, it gradually decreased until the lowest level between the two SHPs. 
However, strong and significant increase was observed in the second downstream reservoir above 
SHP ‘Grigiskes’: 31% (p < 0.05), as compared to the level below this SHP (Figure 2A). Two 
kilometres below this dam, the level of NH4*-N increases again, most possibly due to the impact of 
diffused pollution from the highway and from the town Grigiskes, situated around the reservoir and 
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the downstream section of the river. In spite of these fluctuations, the highest concentration of 
ammonium is characteristic for the first reservoir above the SHP ‘Voke’ and for the rapids 
immediately below this dam. 


Above Below Between Above Below 
SHE-1 SHE-1 SHEs SHE-2  SHE-2 


Sampling point 


i 


Above Below Between Above Below 
SHE-1 SHE-1 SHEs SHE-2 SHE-2 


Sampling point 


Above Below Between Above Below 2km 
SHE-1 SHE-1 SHEs SHE-2 SHE-2 below 
SHP-2 

Sampling point 


Figure 2. Concentrations of inorganic nitrogen compounds in the section of Voke river, 
containing two successive SHPs (SHP-1 and SHP-2 are SHP ‘Voke” and SHP ‘Grigiskes”, 
respectively). 


Both SHPs increased the level of nitrates above the dams, inducing even higher increases of NO3-N 
than NH4*-N concentrations in the reservoirs. The lowest level of NH4*-N varied from 0.166 mg/l in 
the forested part of the river between the dams till 0,171 mg/l and 0,187 mg/l in the rapids below the 
dams ‘Voke’ and ‘Grigiskes’, respectively. This level increased till 0,259 mg/l and 0,282 mg/l in the 
reservoirs above these dams. Therefore, the concentrations of nitrates were higher by 34% and 41% 
(p <0.05) in the ‘Voke’ and ‘Grigi8kes’ reservoirs respectively, as compared to the rapids below the 
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dams. Gradual, but statistically insignificant, decrease of the level of NO3-N was observed in the 
downstream sections of Voke river, several kilometers away from SHPs (Figure 2C). 


Contrary to NO3-N and NH4*-N, concentration of NOz-N were lower in the reservoirs of both SHPs 
(Figure 2B). The lowest concentration of nitrites was found in the reservoir above SHP ‘Grigiskes’. 
The highest level of NO2-N was characteristic for the rapids below the SHP ‘Voke’ (0,049 mg/l) and 
for the sections of the river above and below this dam (0,042 mg/l). 


3.2 Phosphate and chemical oxygen demand 

Both SHPs increased the level of phosphates in the reservoirs above the dams. The lowest level of 
PO,**-P was detected in the sections of the river immediately below the SHP ‘Voke’ (0,022 mg/l) 
and 2 km below SHP ‘Grigiskes’ (0,021 mg/l) (Figure 3A). The concentrations of PO4**-P was higher 
by ~34% (p<0.05) in both reservoirs compared to the rapids below the dams (Figure 3A). An increase 
of the level of phosphorus compounds is explained by the accumulation of sediments, adsorbing and 
transporting phosphorus (Mihailova et al., 2013; Zhou et al. 2013). The amount of P sequestration 
can exceed 80% in big dams, as was detected by Zhou et al. (2013). Phosphorus sequestration in the 
lower dam (SHP ‘Grigiskes’) increased PO.°*-P even several kilometres above the reservoir, in the 
sampling place between the two dams (Figure 3A). The reservoir “Grigiskes’ was characteristic of 
the highest concentration of phosphates (0,037 mg/l), this might be influenced by the nearby town 
Grigiskes and diffused P pollution from uncontrolled point sources in the private sector. 
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Above Below Between Above Below 2km 
SHE-1 SHE-1 SHEs SHE-2 SHE-2 below 
SHP-2 


Sampling point 


Above Below Between Above Below 2km 
SHE-1 SHE-1 SHEs SHE-2 SHE-2 below 
; SHP-2 

Sampling point 


Figure 3. Concentration of phosphates (A) and chemical oxygen demand (B) in the section of 
Voke river, containing two successive SHPs (SHP-1 and SHP-2 are SHP ‘Voke’ and SHP 
‘Grigiskes’, respectively). 


Water reservoir above SHP ‘Voke’ was characteristic by the highest value of chemical oxygen 


demand. COD in this dam (50,4 mg/l) was significantly higher as compared to any other sampling 
points downstream the Voke river, where COD varied within the range 25,7-33,9 mg/l. The difference 
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between COD above and below SHP ‘Voke’ was 33 %. COD was even lower in the downstream 
reservoir “Grigiskes’ (49 %, p<0.05), therefore SHP ‘Voke” functions as a trap for organic matter. 


4. CONCLUSIONS 


Two successive SHPs ‘Voke’ and ‘Grigiskes’ changed the levels of biogenic compounds and 
chemical oxygen demand in the course of the river. The most intensive change was detected for 
phosphates and nitrates. The level of these substances was approximately one-third higher in the 
reservoirs above the dams, compared to the rapids below. Both investigated SHP tended to increase 
NH;4*-N and to decrease NO2™-N concentrations in the reservoirs above the dams. The upper SHP 
‘Voke” seems to function as a trap of organic matter, as COD is sharply higher in the reservoir above 
this dam as compared to all investigated points in the course of the river below. 
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Abstract 

The prediction of the runoff and sediment yield in the basin of the Nestos River, located in Macedonia 
and Thrace, Northern Greece, is the subject of the present study. The AGNPS software was employed, 
in order to assess the basin’s behavior downstream of the hydroelectric dam of Platanovrisi, which is 
located approximately at the middle of the river’s course inside the Greek territory. The technique 
used in order to model the impact of the dam, was to modify the study area’s digital elevation model 
and represent the discharge of the dam as a point source of water. Two different simulations were 
conducted, one for the years 1980-1990 and another for the period 2006-2030. The simulation for the 
years 1980-1990 was conducted using recorded meteorological data, whereas the simulation for the 
period 2006-2030 was based on rainfall and climate data generated by two software packages, namely 
GlimClim and ClimGen. 


Keywords: River basin, Discharge, Sediment transport, Dam 
1. INTRODUCTION 


Watersheds are often subjected to flooding, erosion and sedimentation hazards, leading to 
environmental, social and economic complications. Thus, proper quantification of soil erosion and 
runoff in watersheds are essential for effective land use planning. The prediction of the runoff and 
sediment yield of a watershed has been an ambitious goal for a variety of scientists, such as engineers, 
hydrologists, geologists and others. In particular, the estimation of sediment yield in various temporal 
and spatial scales is a vital key point for the assessment and design of major hydraulic systems, such 
as hydroelectric dams and flood attenuation structures. 


Computer modeling is considered to be a cost-effective tool for the prediction of the runoff and 
sediment yield of a watershed. Several non-point source (NPS) models have been developed for this 
purpose [1]. The Agricultural Non-Point Source Pollution Model (AGNPS) is a suite of NPS Models, 
developed as a planning tool for forested or agricultural watersheds [2]. It was developed jointly by 
the United States Department of Agriculture (USDA) Agricultural Research Service (ARS) and the 
USDA Natural Resources Conservation Service (NRCS). 


In this paper, the Agricultural Non-Point Source Pollution Model (AGNPS) was used to predict runoff 
and sediment losses from a section of a predominantly forested watershed of Nestos River, in 
Macedonia and Thrace, Northern Greece. In particular, the study area is the basin downstream of the 
hydroelectric dam of Platanovrisi, which is located approximately at the middle of the river’s course 
inside the Greek border (Fig. 1). The area of the basin is 884 km2. Runoff and sediment yield were 
estimated at the location Toxotes, at the outlet of the study area. 
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Figure 1. The study area. 


AGNPS is a daily time-step, distributed model, which enables the modeling of all different processes 
and parameters that affect sediment transport, allowing the creation of a detailed model of the study 
area [3]. Extensive rainfall and climate data, such as wind speed, relative humidity, temperature and 
solar radiation are also necessary [4]. The use of the model as prediction tool requires its calibration 
for the conditions in the study area. 


Two different simulations were conducted, one for the years 1980-1990 and another for the period 
2006-2030. The simulation for the years 1980-1990 was conducted using recorded meteorological 
data, whereas the simulation for the period 2006-2030 was based on rainfall and climate data 
generated by two software packages, namely GlimClim and ClimGen. 


2. MATERIALS AND METHODS 


AGNPS is based on the Revised Universal Soil Loss Equation (RUSLE) combined with a GIS 
(Geographic Information System) interface for more convenient preparation of input data. RUSLE is 
a simple empirical model which is based on regression analyses of soil loss rates. It has the following 
structure, similarly to the USLE [5]: 


A=R-K-LS-C-P, (1) 


A is the computed spatial and temporal average soil loss per unit area 
R is the rainfall-runoff erosivity factor 

K is the soil erodibility factor 

LS is the slope length and steepness factor 
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C is the vegetation cover and management factor 
P is the conservation support practices factor 


It is widely used because of its relative simplicity, robustness and ability to enable prediction of 
average annual erosion by multiplying several factors together, such as rainfall erosivity (R), soil 
erodibility (K), slope length and steepness (LS). 


A large amount of input data is necessary for the model setup. AGNPS simulates runoff and sediment 
transport from land to streams, as a result of storm flow. Runoff is calculated in the model using a 
variation of the Technical Release 55 (TR-55) method [6]. TR-55 employs simplified procedures to 
calculate runoff volume in small watersheds. A modified Einstein deposition equation, using the 
Bagnold suspended sediment formula for the transport capacity by particle size class, was used for 
the sediment transport in the watershed. 


AGNPS uses amorphous cells, each cell being a grouping of individual square grid elements, which 
collectively represent homogeneous hydrological response units. Using the ArcView interface, the 
basin is dissected into cells and the attributes of spatial data are allocated to each of the cells. Based 
on the critical source area (CSA) and minimum source channel length (MSCL) parameter values, the 
watershed was discretised into 1568 cells and 699 channel reaches. 


2.1 Terrain and soil parameters and land use data 

The Digital Elevation Drainage Network Model (DEDNM) module of AGNPS performed the terrain 
parameterization and defined the drainage network. The cell attributes include drainage area, average 
elevation, average slope, shallow flow slope and length, concentrated flow slope and length, and the 
LS-factor, a basic factor of RUSLE, which computes the effect of slope length and steepness on 
erosion. The reach attributes include drainage area, contributing cells, receiving reaches, average 
elevation and channel slope and length 


The texture of the soil samples obtained from various locations of the basin were identified and 
categorized per soil type. Four soil types were identified, the average texture of which was calculated 
and a specific code number was assigned to each soil type. The average textures, for the four soil 
types, are shown in Table 1.The AGNPS/ArcView interface was then used to assign the soil type to 
each cell. The soil properties mentioned before were assigned to each soil code number via the input 
editor. 


Table 1. Average texture of various soil types and corresponding K values 


Soil Type Sand Clay Silt K 
(%) (%) (%) (Mg h)/(MJ mm) 
Sandy Clay Loam 55 19 26 0.314 
Silty Loam 22 21 57 0.272 
Loamy Sand 78 4 18 0.223 
Silty Clay Loam 8 39 53 0.285 


Land use data were acquired from the European Environmental Agency. This dataset is a raster, geo- 
referenced, categorized land cover data layer. The raster data were converted into shapefile format 
using ArcView version 9.3, and the AGNPS/ArcView interface was then used to determine the land 
use in each cell. According to the existing land use data, the cells within the watershed were classified 
into groups for more convenient handling and management. 


Land uses in AGNPS are classified into two categories: 
a) Non-cropland 
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b) Cropland 

There is a total of 16 distinct land uses in the study area. Thirteen of them are “non-cropland uses” 
and include urban infrastructure, wooded land and other non-cultivated land uses. Annual Rainfall 
Height, Annual Cover Ratio, Root Mass and Surface Residue Cover were inputted in order to simulate 
non-cropland uses. Cropland uses consist of crop-related activities such as sowing, harvesting, etc. 


Since the study area contains cropland land uses, it is necessary to simulate the effects of agricultural 
activities such as sowing and harvesting, including their time schedule during a year. The connection 
of each land use with the above activities was assigned via the input editor and specifically the “Field 
Data Management” option. Each field data contains one or more events, which are scheduled to take 
place at a specific time of the year. The time period for sowing and harvesting was determined through 
the “Management Schedule” option. Furthermore each schedule is associated with the runoff curve 
number, which corresponds to its own land use. 


2.2 Meteorological data 

Meteorological (rainfall and climate) data were taken from two meteorological stations inside the 
basin (Fig. 2). AGNPS requires daily meteorological data for the simulation period, stored in a 
separate file. The meteorological data contain eight daily parameters: date, precipitation, daily 
maximum temperature, daily minimum temperature, dew point temperature, sky cover or solar 
radiation, wind speed and wind direction. These are the minimum information required to calculate 
surface runoff and other physical processes, which are simulated with AGNPS. 
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Figure 2. The study area with meteorological stations. 
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The two meteorological stations mentioned previously contain monthly rainfall and climate data for 
the period 1964-2009. The complete sets of data on a daily basis suitable for use by AGNPS are 
confined for the periods 1980-1990 and 2006-2009. Stochastic time-series of the necessary 
meteorological parameters at a daily time step for the period 2006 to 2030 were generated with the 
use of two software packages, namely GlimClim and ClimGen. GlimClim was developed by 
Chandler [7] and ClimGen by the University of Washington in collaboration with the United States 
Department of Agriculture (U.S.D.A). The rainfall and climate data for the period 2006-2009 were 
used for the calibration of these two software packages. After the calibration, GlimClim was used to 
estimate daily rainfall values in the study area for the period 2006-2030 and ClimGen was used to 
estimate the daily values for all the other meteorological parameters (temperature, relative humidity 
and wind speed) for the same period. 


A large number of simulations was conducted with the use of GlimClim for the period 2006-2030. 
Since GlimClim is a statistical model; the large number of simulations serves in obtaining an adequate 
sample of estimated values of rainfall for each day in the simulation period. For all simulations, the 
rainfall for each day in the interval 2006-2009 was compared with the corresponding recorded value. 
The simulation which yielded daily estimated rainfall closest to the recorded throughout the interval 
2006-2009 was selected as the most reliable. 


2.3 Model implementation 

AGNPS was employed for the study of sediment transport in the basin of the Nestos River, 
downstream of the hydroelectric dam of Platanovrisi, which is located approximately at the middle 
of the river’s course inside the Greek territory. An important input parameter for the calibration of 
runoff is the approximate amount of direct runoff (Curve Number) [6], which provides information 
on the runoff properties of the soil in the study area. Since runoff is sensitive to changes of the Curve 
Number, the Curve Numbers must be carefully selected, in order to produce reliable results. Runoff 
is calculated by 


(WI -0.2S)° 


= TOSS 


, Where S =245 E -1) (2) 
CN 


where Q is the surface runoff for each cell, WI the water input (precipitation or irrigation), S the 
retention variable and CN the Curve Number. CN has a range from 30 to 100; lower numbers indicate 
low runoff potential, whereas larger numbers indicate increased runoff potential. The lower the curve 
number, the more permeable the soil is. The Curve Number depends on the land use and soil type of 
each cell, as described by TR-55 [6]. 


The annual sediment yield, Sy, (tn/km7) is calculated by 
S, =0.220°% 4°" K-L-S-C-P (3) 


where Q the surface runoff, gp the peak rate of surface runoff and K, L, S, C and P are factors of the 
Revised Universal Soil Loss Equation (1). 


The most important of these factors is the soil erodibility factor, K, which influences the spatial 
variability of sediment losses. Factor K, which is important for the determination of the sensitivity of 
soil to erosion, the sediment transportability and runoff rate, is directly related to soil properties. Soil 
texture, structure and particle composition are the main factors affecting soil erodibility. The values 
of K range typically from about 0.10 to 0.45 [(Mg h / (MJ mm)]. Similarly to Liu et al. [8], the 
erodibility factor was calculated using the method in the Erosion Productivity Impact Calculator 
(EPIC) model, given by the equation 
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K ={0.2 +0.3 exp [-0.256 S, (1- S, /100)] [S, C, + S,)1}” 


4 
{1.0 -0.25 C, /[ C, + exp(3.72 - 2.95 C,)]} j 


where Sa is sand content, S; is silt content, C; is clay content and Co is soil organic carbon. 


The values of K for the four soil types of the present study, as calculated using Eq. (4) from the 
average textures of Table 1, are also listed in Table 1. These values are close to those reported by Liu 
et al. [8], which lie in the range between 0.278 and 0.344. 


Slope length and steepness factors, LS, are topographic factors that indicate the terrain impacts on 
soil erosion. Slope length is evaluated by the model from the change in elevation at a specified 
distance in the DEM. The steepness factor, which accounts for the effect of slope steepness on soil 
erosion, is evaluated internally by the model. 


The vegetation cover and management factor, C, represents the effect of both the natural vegetation 
cover on reducing soil loss in non-agricultural situations, and of cropping and management practices 
in agricultural activities. The C factor is calculated by the model for all non-water cells in the study 
area, depending on the land use (cropland or not). For cropland cells AGNPS calculates 24 values of 
C factor for each year, and an average C factor for each year for non-cropland cells. For cropland 
land uses, the effects of agricultural activities, such as sowing and harvesting, and their time schedule 
during a year, are important for the determination of C factor. 


The conservation support practice factor, P, is the ratio of soil loss under a particular conservation 
support practice, to soil loss for up and down slope cultivation on the unit plot, with no conservation 
support [9]. Conservation support practices include cropping along the contour, strip-cropping and 
terracing. It is evident that the lower the P factor value, the better the practice for controlling soil 
erosion. Similarly to C factor, P factor is calculated by the model for all non-water cells in the study 
area. AGNPS calculates sub-factors for contour cropping, strip-cropping and terracing, from which 
the P factor of the corresponding cell for each year is evaluated. 


An important requirement of the model application for future predictions is the determination of 
suitable values of the parameters which influence the sediment yield. The calibration was conducted 
by modifying the value of each parameter within the limits specified by TR-55 [6]. The selected 
values of these parameters were those which rendered the difference between estimated and measured 
values of runoff and sediment yield for a specific year at the location Toxotes minimum. The 
validation of the calibration was performed using estimated and measured values of runoff and 
sediment yield at the same location for the following year. The calibration-validation procedure is 
described in detail by Paschalidis et al. [10]. 


3. APPLICATION, RESULTS AND DISCUSSION 


Two different simulations were performed by AGNPS, one for the period 1980-1990 and another for 
the period 2006-2030. The purpose of both simulations was the estimation of the runoff and the 
sediment yield at the outlet of the river Nestos basin, at the location Toxotes. The period 1980-1990 
was selected in order to compare the results of AGNPS with those of a study by Hrissanthou [11] at 
the same location and period of time. The availability of recorded meteorological data throughout this 
period was expected to increase the accuracy of results. The period 2006-2030 was selected for the 
future prediction of sediment yield in the study area. The necessary climate and rainfall data required 
for this simulation, were obtained using the ClimGen and GlimClim. 


Table 2 presents the estimated values of sediment yield of the Nestos River for the years 1980-1990 
using the AGNPS model, in comparison with results of two different simulation models by 
Hrissanthou [11] at the same location and period of time. The year average of runoff and sediment 
yield for the period 1980-1990 are listed in Table 3. 
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Table 2. Estimated values of sediment yield (¢n/year) 


Year AGNES ean Mica 2 
1980 210,182 298,000 278,000 

1981 422,646 528,000 588,000 
1982 467,195 446,000 426,000 
1983 105,124 80,000 73,000 

1984 295,626 492,000 494,000 
1985 170,985 119,000 131,000 
1986 256,752 196,000 198,000 
1987 511,482 638,000 673,000 
1988 350,203 396,000 383,000 
1989 306,669 201,000 207,000 
1990 234,517 75,000 64,000 


Table 3. Estimated values of mean annual runoff and sediment yield for years 1980-1990 
Hrissanthou [11] 


Technique AGNPS 
Model 1 Model 2 
Runoff (m/s) 46.3 
Sediment Yield (tn/year) 302,852 315,500 319,500 


The deviation of the results of the two studies lies within acceptable limits. It is noteworthy, that in 
spite of the differences in specific years, the mean annual sediment yield for the period 1980-1990 is 
very close to that obtained by the two models of Hrissanthou [11]. 


Table 4 presents the estimated values of mean annual runoff and sediment yield at the location 
Toxotes, for the years 2006-2030 using the AGNPS model. As stated previously, climate and rainfall 
data for this period were generated by Glimclim and ClimGen. The mean runoff for the period 2006- 
2030 is lower than that for the period 1980-1990 by less than 5%. The mean sediment yield for the 
period 2006-2030 is lower than that for the period 1980-1990 by approximately 20%. Therefore, the 
rainfall and the resulting runoff seem to play a key role for the sediment yield. 


Table 4. Estimated values of mean annual runoff and sediment yield using AGNPS for years 


2006-2030 
Runoff (m°/s.) 44.3 
Sediment Yield (tn/year) 252,266 


4. CONCLUSIONS 


The AGNPS software was employed in order to simulate both runoff and sediment yield at the 
location Toxotes downstream of the hydroelectric dam of Platanovrisi, located in the basin of Nestos 
River. Two different simulations were performed by AGNPS, one for the period 1980-1990 and 
another for the period 2006-2030. The mean annual sediment yield for the period 1980-1990 was 
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very close to that obtained at the same location by Hrissanthou [11], in spite of the differences existing 
in specific years. Apparently, the good agreement of the mean annual sediment yield reinforces the 
validity of the present model. The simulation for the period 2006-2030, the necessary climate and 
rainfall data for which were obtained using the GlimClim and ClimGen software packages, yielded 
reduced value of the mean runoff by 5% and reduced value of the mean annual sediment yield by 
20%, compared to the corresponding values for the period 1980-1990. This constitutes strong 
evidence, that the rainfall and the runoff play a key role for the sediment yield. 
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Abstract 

Rapid and poorly planned urban development has resulted in severe deterioration of the environment, 
in many parts of the world, including Greece. Amongst the environmental elements that have been 
heavily affected are local streams of small and medium size. Degradation resulted mainly from flaws 
of the respective legal framework and from trespassing, which was tolerated, more or less, by the 
pertinent authorities. In other cases, streams were reduced to closed conduits, according to 
development plans that disregarded environmental components. This behavior towards urban streams 
had many adverse effects. The most severe is aggravation of flood phenomena, which are further 
intensified by turning permeable soil into an impermeable surface during the urbanization process. 


Today, in contrast to these practices, an attempt is being made to promote streams as key factors in 
the achievement of sustainable urban development through a more integrated management. Following 
this approach, we study the possibility of managing the streams that are preserved, at least partly, 
within the administrative boundaries of the Municipality of Thessaloniki, Greece. Thessaloniki is a 
very densely built area, within which several streams or stream parts are "hidden". In particular, we 
analyze and evaluate the spatial and hydraulic characteristics of these streams, together with the 
pressures they have received from human activities. We round off, this paper, by presenting certain 
proposals concerning the nexus of streams in the Municipality of Thessaloniki, Greece. 


Keywords: urban streams, environmental impact, drainage system, Thessaloniki, Greece 


1. INTRODUCTION 


Many of the world's cities have been built along rivers or streams. The interaction of their functions 
with the aquatic element is therefore particularly important and long-lasting. Actually, streams shape 
the geomorphology and the landscape of the region through which they flow [EEA, 2016], and quite 
often they influence the way cities develop. In recent decades, they have often been the focus of 
discussion on the renovation and revival of cities, since, in the past, many streams had been 
considered a nuisance rather, than a social and environmental asset. Actually, urbanization without 
proper planning during the second half of the 20th century has led to the deterioration of natural 
elements, such as streams, in many cities, e.g. in the Mediterranean area [Giannakourou, 2005]. Since 
the 1980s, though, in many parts of the western and northern Europe, a considerable number of 
programs and actions for the rehabilitation and reintegration of rivers and streams in urban areas has 
been developed. They aimed mainly at the creation of new open spaces and the remodeling of the 
image of the cities, which had largely lost their contact with the natural landscape. For this reason, 
streams and rivers were the most suitable elements for changing the face of a city and for connecting 
the artificial with the natural environment [EEA, 2016]. 


997 


River and open channel hydraulics 


Today, urban streams face a series of important problems. The first problem lies in the quantity of 
water: surface runoff increases due to extreme weather phenomena and the replacement of natural 
pervious surfaces with impermeable ones (streets and buildings), resulting in increased flood 
phenomena. Moreover, the quality of water is also significantly affected by the discharge of polluted 
surface runoff or even sewage discharge. Urban stream pollution may also affect the downstream 
areas [American Rivers, 2013]. Another problem results from changes in the structure of urban 
streams, especially on their banks. The natural banks are replaced by artificial walls, disrupting the 
connection between the stream and the surrounding area, while, sometimes, the stream is undermined 
completely [EEA, 2016]. At the same time, such projects remove the riverside vegetation and 
seriously damage the local flora, while the temperature in the stream and in the surrounding area 
increases significantly [EEA, 2016]. 


2. STREAM MANAGEMENT IN THE URBAN AREA: A MODERN CONCEPT 


River rehabilitation projects offer an opportunity for future urban planning in the context of 
sustainable development and quality of life improvement. The concept of restoring streams is related 
to objectives, measures and actions that have, as their main concern, the improvement of their 
functions, but also of the environment. In many cases, urban river rehabilitation projects do not begin 
with the aim of improving aquatic biological systems, but are part of urban regeneration projects, 
which are closely linked to streams that cross the cities. However, because of the interdependencies 
created between the ecosystems within and around the streams, it is difficult to bring streams to their 
initial condition [Simsek, 2012]. 


In addition to rehabilitation, the practice of stream restoration, which refers to the partial rebuilding 
of ecosystem functions disturbed by human activities, is very common. This can be achieved by 
removing, at least partly, the sources of nuisance. The final purpose is the creation and preservation 
of a natural ecosystem [Simsek, 2012]. Some plans include actual reconstruction of streams, which 
had been turned into underground pipe systems in previous years. Ideally, such recreated streams 
should follow their initial course. Such projects, though, are very complex and, in most cases, too 
expensive. 


The improvement of urban streams contributes to the reduction of flood risk. At the same time, 
creation of new open spaces and enhancement of the greenery network offers access to the natural 
environment to city inhabitants and supports wildlife. Additionally, another very important asset is 
the reduction of the urban thermal island phenomenon, by achieving appropriate ventilation 
conditions. 


Moreover, the rehabilitation of streams can have wider socio-economic consequences, as it creates 
an attractive environment that encourages recreation, enhances the physical and mental health of 
people, strengthens business investment and tourism locally, and increases the value of real estate. 
Moreover, management of streams can be integrated with rain water management in urban areas (UN, 
2016). Towards this direction, green and blue infrastructure can play a very important role in 
mitigation flood phenomena, reduction of sewer system operation cost, support of local vegetation 
and replenishment of local aquifers. 


3. THE STREAMS OF THE MUNICIPALITY OF THESSALONIKI, GREECE 


The study area, namely the Municipality of Thessaloniki, is shown in Figure 1. Eight streams have 
been traced and studied. Most of them are characterized by small and intermittent flows. At the time 
of this survey (summer 2017), water could be seen in 2 stream beds only. This is due to the 
construction of a flood control channel, a few decades ago, which has cut off the urban stream parts 
from their mountainous drainage basins. Moreover, rain runoff from the remaining urban parts of 
drainage basins is partly collected by the sewer system. On the other hand, though, surface runoff 
increases due to the replacement of natural pervious surfaces with impermeable ones. 
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Figure 1: (a) Thessaloniki in South-eastern Europe (b) The Municipality of Thessaloniki in 
the Region of Central Macedonia, Greece. (c) Stream beds in the urban fabric of Thessaloniki 
Municipality (based on Google maps, processed by the authors) 


The visible traces of the studied streams are shown as blue lines in Fig. 1(c). Along large parts of their 
initial course, they have been reduced to underground pipe systems, to spare space for streets or other 
necessary facilities, such as schools, in poorly planned areas of the urban fabric. Even the preserved 
stream parts suffer from cross-section reduction, mainly due to trespassing by individuals, motivated 
by pressing housing demand and encouraged by flaws in the legal system and poor enforcement of 
the existing one. The construction of the aforementioned flood-control channel (called in Greek 
Perifereiaki Tafros and literally translated as Circumferential Trench) rendered trespassing on the rest 
of the steams less risky, from the hydraulic point of view. 


Nowadays, within the context of sustainable development, the aforementioned practices are 
unacceptable. On the contrary, the goal is to regain the natural elements of streams as much as 
possible and to integrate them in the densely built urban fabric, under given functional and financial 


999 


River and open channel hydraulics 


constraints. The task is site-specific, since the characteristics of the preserved stream parts vary 
widely, even along rather short distances, as testified by the photos of Fig. 2. 


Zi Mek j I: i į p a ; a % 
pnd 7- Vay y e iT a 
Figure 2: Natural elements of streams. (a) In Evangelistrias stream, (b) In Saranta Ekklesies 
stream. Source: First author’s Archive. 


4. A COMPARISON OF STREAMS 


Our research has identified the types of pressures upon the 8 streams of the specific study area and 
has classified them in the following way: a) illegal house building, b) road network, c) school building 
d) athletic facilities and e) broader urban environment. Results regarding each stream are summarized 
in Table 1. 


Table 1: Forms of pressures upon the urban streams of Thessaloniki. 


Street construction along streams has been one of the main pressures, planned by local or central 
authorities. The most affected in the study area is the Regas Feraios stream, which has been 
completely reduced to an underground conduit, to allow mainly for the construction of a street. Its 
original course can be traced by a longitudinal green space along that street. The streams of Saranta 
Ekklesies, Doxa, Ortansia and Nestoros Tipa have been partially reduced to underground conduits. 
Even in the preserved parts, though, their initial stream bed has been partly occupied by streets along 
them. Moreover, closed conduits have been constructed at the junctions of the streams with transverse 
streets, as shown in Fig. 3. A notable exception is the Circumferential Trench. Although it has 
incorporated parts of pre-existing streams, it has not been affected by planned interventions, due to 
its special role in flood protection. Even when it meets transverse streets, traffic is facilitated via 
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bridges, without damaging its banks. Typical examples are the bridges of G. Lambrakis Street and of 
N. Plastira Street (in Municipality of Pylaia - Chortiatis). 


Figure 3: Closed conduits at the junctions of streams with transverse streets (a) Doxa stream 
(b) Ortansia stream. Source: First author’s Archive. 


pies, 


Figure 4: Trespassing Illegal house (a) In Doxa stream (b) In Ortansia stream. Source: 
Author’s Archive 


The next pressure that affects the streams of the study area stems from illegal private constructions. 
Within the context of this work, during the field investigation which was conducted, illegal 
constructions were mainly located at the edges of the urban space and hence in the upper parts of the 
streams. Trespassers have used stream banks and beds to construct their houses or to extend their 
properties. Two characteristic examples from Doxa and Ortansia streams are shown in Fig. 4. An 
important exception is the stream of Evangelistria, where house building has been officially 
permitted, downstream of its entrance to the urban fabric. Schools and athletic installations are also 
sources of pressure. We have detected such facilities along the streams of Saranta Ekklesies and 
Ortansias. Also, part of the bed area of the Regas Feraios stream, which has been reduced to a closed 
conduit, have served similar purposes. 
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5. ASTRATEGY FOR THE STREAMS OF THE MUNICIPALITY OF THESSALONIKI 
AND SUSTAINABLE SPATIAL DEVELOPMENT 


Table 2: S.W.O.T. analysis 


S (Strengths) W (Weaknesses) O (Opportunities ) T (Threats) 


The existence of parts of the Unregulated urban sprawl Connecting urban green Increase of flood probability due 
streams whose natural bed and increase of spaces with the peri-urban to increase of impermeable 
has being preserved. impermeable surfaces. forest. surfaces. 


The existence of dense Reduckon aithe naal Interconnection of green Environmental degradation due 
riparian vegetation in several spaces within the urban to the decline of the natural 


iver bed. 
streams. Geeta fabric. ecosystem. 


Th i f additi I f soil 
e existence of additional Partial substitution with mprove meu of soi 
non- built areas along some ‘ permeability and the 
closed conduits. A 
streams. drainage system. 


Increase ofillegal occupation of 
the stream bed. 


Natural ventilation of the Water pollution from Reducing natural reple nicement 
urban area. surface run-off. of shallow aquifers. 


Within the framework of this survey, a SWOT analysis has been conducted, summarized in Table 2. 
This analysis forms the basis for building an integrated strategy for the streams, following the three 
pillars of sustainable development: society - economy - environment. A basic concept of a modern 
strategy is that streams are free spaces and as such they must remain. Based on this reasoning, the 
basic principles of designing and management of the streams of Thessaloniki are organized. This is 
done for the protection of their surviving parts, and of the vegetation that accompanies them. The 
overall objectives set, at a strategy level, for the streams of the area under study, are summarized as 
follows: 


Maintenance of the natural stream bed and its banks where feasible. 
Reduction of the use of impermeable materials to delimit the streams. 
e Preservation and even upgrading of the role of streams as drainage systems, using ecological 
rain water management techniques (e.g. Katsifarakis et al, 2015). 
Reduction of the pressures on the streams, caused by external interventions and trespassing. 
e Introduction of a participatory process by inviting the citizens of Thessaloniki to actively 
participate in the effective management of streams. 


The main purpose of these general objectives is the creation of networks of green spaces where their 
main trunk will be the streams themselves. Moreover, as the streams of Saranta Ekklesies and 
Ortansia (and the Circumferential Trench as well) extend up to the peri-urban forest of Thessaloniki, 
they can serve for the connection of the urban fabric with the forest area. Conservation of currently 
not built spaces close to the preserved stream beds, and their incorporation within the green space 
network, would greatly increase its value. 


The management of these natural aquatic elements within the urban fabric can be accomplished by 
creating a multifunctional project plan. The aim of this project should therefore be to balance the 
issues related to the three main pillars of sustainable urban development, with a particular emphasis 
on the hydraulic and environmental role of the streams. Their hydraulic role can be upgraded in 
connection with ecological rain management techniques. Construction of rain gardens in parts of the 
beds of the Saranta Ekklesies, Doxa and Ortansia streams [Basdeki et al, 2017, Katsifarakis et al, 
2015] would increase their role in mitigation of local flood phenomena and would contribute to the 
replenishment of the local shallow aquifer. Regarding the environmental role of streams, it is 
extremely important to strengthen local biodiversity and to improve the connection amongst the 
preserved parts of the streams, which are fragmented. 
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Sustainable development (society - economy - environment), with regard to the streams, should be 
sought, taking into account the context in which its three main pillars are accomplished. For this 
reason, it is proposed - at a social level - to create public spaces that are the links of the areas 
previously separated by these natural aquatic elements. Therefore, there is talk of upgrading the 
quality of life at, primarily, a local level, as well as setting up a network of recreational activities or 
even commuting at a daily basis. The economic sector concerning the streams under scrutiny, may 
develop as a natural consequence of a wider urban regeneration, but it is not the primary focus in the 
present work. However, it is worth noting that the creation of some urban cultivation on the banks 
and slopes of streams can contribute to the achievement of specific economic benefits (either 
individually or collectively). Regarding the environmental field, which is probably the most important 
part of stream management, we propose creation of urban habitats or at least strengthening of existing 
ones. These biotopes enhance urban biodiversity while at the same time improve microclimate 
conditions locally. In this way, streams can contribute to the achievement of urban resilience against 
extreme climate change. 


However, the streams of the area under scrutiny, as already mentioned, are facing a number of 
pressures. The two main ones are street networks and trespassing. Regarding the street networks, it 
is proposed that we redefine the importance and the role of the car as well as the occupation of land 
so as to serve its needs, in the fringes of the stream areas. This can be achieved by taking into account 
both the principles of sustainable urban mobility and the impact of the presence of cars on both sides 
of the streets. Regarding trespassing, demolition of illegal constructions, currently in use, is not 
recommended in the current framework of financial crisis, which has led to an increased number of 
homeless people. On the contrary, abandoned installations should be demolished right away. 
Moreover, further trespassing should be discouraged, with an appropriate surveillance of the stream 
areas and by explicitly denying any possibility of “legalizing” illegal constructions in the future. 
Finally, integration of schools and sport facilities, which have been constructed in streams, should be 
sought, as they can contribute to the smooth reintegration of streams into the urban fabric. 


6. CONCLUDING REMARKS 


The main purpose of this work is to contribute to the protection and restoration of streams that are 
preserved within the administrative boundaries of the Municipality of Thessaloniki, Greece. Within 
its framework, the basic pressures that have been exerted upon the streams, are identified and 
classified. These pressures are tightly connected to the built environment, and are the main obstacles 
to achieving environmental balance, even around preserved stream parts. 


Today, although these water elements are fragmented, they are still an important mechanism for 
ventilating a densely populated urban environment, such as that of Thessaloniki. The existence of 
streams in the urban tissue can make a significant contribution to improving the microclimate of the 
area through which they pass. Moreover, although their hydraulic role has been greatly reduced (with 
the exception of the Circumferential Trench), they are still important points of reference, especially 
during the periods of rainfall, when the city's sewer network fails to cope. At the same time, they can 
serve for the replenishment of local aquifers, especially in a city where impermeable surfaces 
dominate. Apart from the city's ventilation and the hydraulic role of streams, it is particularly 
important to use these elements for recreational purposes. Although the city of Thessaloniki has a 
wide and fully-fledged coastal urban front, which is a point of reference and recreation for its citizens, 
at a neighboring level, even in the inner part of the city, it lacks significantly in spatial amenities. This 
spatial inequality can be reduced by restoring the streams of the study area. 


1003 


River and open channel hydraulics 


References 


1. 


American Rivers (2013) Daylighting Streams: Breathing Life into Urban Streams & Communities 
At: http://americanrivers.org/wpcontent/uploads/2016/05/AmericanRivers_daylighting-streams- 
report.pdf (accessed November 25, 2017). 

Basdeki A., L. Katsifarakis and K.L. Katsifarakis (2017) “Design, calculations and performance 
evaluation of rain gardens in an urban neighborhood of Thessaloniki, Greece”, Desalination and 
Water Treatment, 99, pp. 4-7 

European Environment Agency (EEA) (2016). Rivers and lakes in European cities. Past and 
future challenges. Luxembourg: Publications Office of the European Union (26). 

Giannakourou, G. (2005). Transforming Spatial Planning Policy in Mediterranean Countries: 
Europeanization and Domestic Change. European Planning Studies. 13(2). 


. IPCC (2012). Summary for Policymakers: In Managing the Risks of Extreme Events and 


Disasters to Advance Climate Change Adaptation. Special Report of Working Group I and II of 
the Intergovernmental Panel on Climate Change. UK. Cambridge: Cambridge University Press. 
At: https://www.ipcc.ch/pdf/special-reports/srex/SREX_ Full Report.pdf (Accessed: December 
12, 2017). 

Katsifarakis K.L, M. Vafeiadis and N. Theodossiou (2015) “Sustainable Drainage and Urban 
Landscape Upgrading Using rain gardens. Site Selection in Thessaloniki, Greece”, Agriculture 
and Agricultural Science Procedia 4, pp. 338-347 


. Simsek, G. (2012). Urban River Rehabilitation as an Integrative Part of Sustainable Urban Water 


Systems. 48" ISOCARP Congress. http://www.isocarp.net/Data/case_studies/2239.pdf (accessed 
November 14, 2017). 


. Special Service for Public Works of Thessaloniki (2003) General Regulatory Plan for Flood 


Protection and Sewerage of the Rainy Regions of Thessaloniki. (December 2003). Athens: 
Ministry of Environment, Urban Planning and Public Works. General Secretariat for Public 
Works. Special Service of Public Works for Water Supply, Sewage and Wastewater Treatment 
of Thessaloniki. (in Greek). 

United Nations (UN) (2016). River Restoration. A strategic approach to planning and 
management. Paris: United Nations Educational, Scientific and Cultural Organization. At: 
http://unesdoc.unesco.org/images/0024/002456/245644e.pdf (accessed December 20, 2017). 


1004 


Protection and restoration of the environment XIV 


ON THE USE OF THE INTEGRAL MOMENTUM-BALANCE TO 
CALCULATE DRAG ON A SQUARE CYLINDER IN A 
COMPOUND-CHANNEL FLOW 


M. Gymnopoulos"", P. Prinos”, E. Alves? and R. M.L. Ferreira* 


' Instituto Superior Técnico, Universidade de Lisboa, PT- 1049-001 Lisboa, Portugal 
? Division of Hydraulics and Environmental Engineering, Dept. of Civil Engineering, Aristotle 
University of Thessaloniki, GR- 54124 Thessaloniki, Greece 
3 Laboratório Nacional de Engenharia Civil, PT- 1700-066 Lisboa, Portugal 
4 CERIS, Instituto Superior Técnico, Universidade de Lisboa, PT- 1049-001 Lisboa, Portugal 


“Corresponding author: e-mail: miltos.msn@hotmail.com, tel : +306979284007 


Abstract 

River flooding, threatens nearby infrastructure, as overbank flow occupies the adjacent berms 
(floodplains) and poses significant drag loads on the existing structures. The drag coefficient of such 
structures is possible to be influenced by the strong shear-layer formed at the interface of the main 
channel and the floodplain. Herein, this assumption is investigated in an experimental configuration 
involving the placement of an emergent cylinder at the main-channel/floodplain interface. The drag 
force on the cylinder at a certain distance from the floodplain bed is assessed through the application 
of the momentum-balance equation, in its integral form. The method is based on local measurements 
of the mean flow and turbulence characteristics. Drag is expressed as counteraction to the force on 
the flow in a control volume and is estimated as the residual in the momentum-balance equation. 


The experiment was conducted in the straight compound-channel facility of Laboratorio Nacional de 
Engenharia Civil (LNEC), Lisbon. Uniform-flow conditions were set in the channel for a relative 
flow-depth hr=hgp/hmc=0.31 (hrp is the floodplain flow-depth and hmc is the main-channel flow-depth). 
A square cylinder was placed in one of the floodplains right next to the main-channel/floodplain 
interface. An Acoustic Doppler Velocimeter (ADV) was used for measuring the three-component 
instantaneous velocities at sequential positions on the surfaces of a fluid control-volume. 


The terms of the momentum-balance equation were estimated. Then the drag coefficient emerged 
from the respective drag force and the characteristic velocity Uo that accounts for the existence of the 
compound-channel-flow shear layer. The same calculations were applied to the case in which a 
cylinder is found in flow with uniform upstream velocities. This reference case is represented by 
placement of the cylinder in the middle of the floodplain in the same facility. The effect of the shear 
flow is assessed through comparison of the corresponding terms of the momentum-balance equation 
and the drag coefficients. 


Keywords: Drag, Momentum balance, Square cylinder, Compound channel, Velocity measurements 
1. INTRODUCTION 


Bluff bodies in open-channel flows are commonly met in the form of vegetation elements and 
infrastructure e.g buildings and bridge piers. During flood events, cylindrical structures, found at 
close proximity to river banks, obstruct the overbank flow, and are subjected to the relevant drag 
loads. In this work the drag force on such an obstacle in an open-channel flow is assessed 
experimentally. In particular, the study considers a compound-channel flow, where a square cylinder 
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is placed on the floodplain, near the main-channel/floodplain (mc/fp) interface. In such a case, the 
cylinder faces a strong shear-layer that is typical in compound channels and is formed at the interface. 
This region is characterized by strong streamwise-velocity gradients in the lateral direction (Prinos et 
al., 1985) and the presence of secondary currents and vortices (Nezu & Nakayama, 1997; Shiono & 
Knight, 1991) travelling along the interface. Consequently, the wake of the obstacle is influenced by 
these processes. 


The objective of the current study is to determine the effect of the shear layer of the compound- 
channel flow on the cylinder-wake processes and the value of the drag coefficient. The drag effect on 
the flow is estimated considering momentum balance, as proposed by Hinze (1975). The relevant 
equation is applied in its integral form in a fluid control-volume encompassing the cylinder. Mean- 
velocity and flow-depth measurements within the control volume are fed into the equation for 
extracting the mean drag force at a certain distance from the channel bed. The main contributions to 
drag in the momentum-balance equation are presented and discussed. Then, the drag coefficient is 
estimated based on a velocity that characterizes the flow in the interfacial shear layer. The relevant 
estimated value is compared to the one of a cylinder in flow with uniformly-distributed velocities 
found by the authors and those mentioned by previous studies. 


2. THEORETICAL CONSIDERATIONS 


Conservation of time-averaged momentum is considered in a fluid control-volume, encompassing the 
wake of an emergent cylinder. The relevant equation writes as: 
gJ y J 


| PUU nas = f AERES: lpaava | -puun as+ [rnas | -Prass [Tn (1) 


(0) (0) (0) (0) (0) 
SAS SAS SAS s 


where nj is the outward pointing normal unit-vector, Uj is the time-averaged velocity vector, P is the 


time-averaged pressure, Tij is the time-averaged viscous-stress tensor, —pu, u j the Reynolds-stress 
tensor, gi the acceleration of gravity, p the fluid density, V. the control volume, Se the total surface of 
the control volume and S the part of Se that is bounded by the cylinder wall. The last two terms in 
the right-hand part of Eq. (1) compose the acting force on the flow by the cylinder, so that 

L|R,|=| | —Pads+ | T,n,ds 


ij j 
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where L is the wet length of the cylinder, | —Pn.dS is the pressure component and |T.n.dS is the 
8 y. i P p 


J J 
So So 


viscous component of the average force Ri on the cylinder per unit length. 


Applying Eq. (1) to a prismatic control volume with height h (Figure la) and assuming negligible 
viscous stresses we get: 


Rh=|pgdv+ > |- f eu? (Un )ds + f -P@nPas+ f- Pi ns (3a) 
Vv. 6 (*) s) glk 


k=l... 


with n‘=[-1,0,0], n=[0,+1,0], n @=[+1,0,0], n=[0,-1,0], n ©=[0,0,+1], n©=[0,0,-1]. 


After converting the integral components to summations of discrete values, for the streamwise 
direction x we get: 


Rh=pgsin(OV, +p ¥. fu (Un! PIs s+ [- _ pal Os oy [itn Js (3b) 
k=1...6 


k=1...6 k=1...6 


where tan(@) is the channel slope. Brackets denote surface averaging. 
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In this paper, sum p >, [uw (orar ) S is referred as “net momentum-transport term”, 
k=1...6 T 


š ah) 
> [Ph |s® as “pressure-difference term” and p >? |a; n da as “net stress term”. 
k=1...6 k=1...6 


b) 


main 
channel 


floodplain 


Figure 1: a) General depiction of the control volume in the x-y and y-z planes b) velocity 
profile across the symmetric part of a compound channel 


The drag coefficient per unit wet length of an isolated square cylinder is estimated as: 


2R, 
1 pUèd 


(4) 


where d is the width of the cylinder and Uo the streamwise velocity of the upstream flow laterally 
averaged within the limits of the cylinder’s frontal area. 


3. EXPERIMENTAL FACILITY, EQUIPMENT AND PROCEDURE 


3.1 Experimental facility 

Experiments were conducted in the 10m-long straight symmetrical compound channel of the National 
Laboratory for Civil Engineering in Portugal (LNEC). The trapezoidal section of the main channel 
rests in the middle of the compound channel with side slope 1:1. The floodplain consists of two 
adjacent sections bounded with vertical walls, as shown in Figure 2, where the main geometric 
features of the channel are presented. The longitudinal bed-slope is 0.0011. The bottom of the main 
channel is hydraulically smooth (polished concrete) while that of the floodplain is artificially 
roughened by a layer of synthetic grass, the detailed characteristics of which are described in 
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Fernandes, Leal, and Cardoso (2014). The inlet of the main channel is separated from the inlet of the 
floodplain, improving the efficiency in establishing uniform-flow conditions. Adjustable tailgates are 
placed at the outlet for defining uniform-flow depth for a given total discharge. Water depth is 
measured by point gauges at 1 m and 8 m downstream the channel entrance. The two independent 
inflow rates (main channel and floodplain) are monitored by electromagnetic flowmeters. A more 
detailed description of the facility can be found in Fernandes (2013). 


\ 
Nine 


+ 0.70 4 k—040—4 H 0.70 “| 
0.10 0.10 


Figure 2: Channel cross-section 


3.2 Experimental configuration 

A square cylinder was placed initially in the middle of the floodplain, in order to obtain drag in flow 
with uniform velocities-distribution. Then the cylinder was placed at the mc/fp interface, as shown in 
Figure 1b. The two experiments will be referred as SO and S1 respectively. Uniform-flow conditions 
were established in the compound channel, under which the cylinder was emergent in both tests. Total 
discharge Qio was distributed in the main channel and the floodplains as shown in Table 1._The 
relative flow-depth hr, defined as the ratio between the floodplain flow-depth, hg, and the main- 
channel flow-depth, hmc, was fixed at 0.31. Under these flow conditions the cylinder is emergent. A 
summary of the main parameters including the Reynolds number based on the cylinder width 
(Rea=Uod/v) is given in Table 1. 


Table 1: Experimental flow-conditions and parameters 


Experiments Rea (-) | hr(-) | hep Gm) | Qtot (Is!) | Qme (Is!) | Qp (Is?) | d (Gm) 
SO 8365 | 0.31 0.045 58.9 42.3 16.6 0.045 
S1 12032 | 0.31 0.045 58.9 42.3 16.6 0.045 


3.3 Velocity and depth recordings 

The three dimensional (3-D) instantaneous-velocity field was acquired with a side-looking Nortek- 
Vectrino Acoustic Doppler Velocimeter (ADV) at a rate of 200 Hz. The duration of measurements 
was set at three minutes. The grid shown in Figure 3 was applied at two elevations from the floodplain 
bed, z=0.015 m (hfp/3) and z=0.012 m. Despiking of the velocity time-series was achieved by applying 
the phase-space filter, proposed by Goring and Nikora (2002). Measurements of the free-surface 
elevation were conducted with ultrasound recorders. The recordings had duration of two minutes and 
were performed at a rate of 10 Hz. 
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Figure 3: The grid of the measuring points, applied at two elevations for both SO and S1. The 
flow is from left to right 


4. RESULTS 


4.1 Contributions to drag 

The drag force was estimated by Eq. (3b) for a variety of control volumes with the same width 
b=1.33d and height h=3 mm, and various lengths | (Figure 1a). For each calculation, inlet surface S 
was set at a fixed distance of x/d=2.11 (Figure 3),while the position of the outlet surface S varied 
within the range 0.89 <x/d<3.11. For each case of the assumed control volume, estimation of the drag 
force Rx, involved evaluation of the terms of Eq. (3b). Each term in Eq. (3b) corresponds to a 
particular hydrodynamic process in the wake flow. The contribution of a term to drag expresses the 
magnitude of the related process relatively to that of the others occurring in the wake region. 
Therefore, considering multiple cases of positioning of S® of the control volume, besides the fact 
that someone can obtain drag assuming different control-volume geometries, it is also possible to 
observe the nature and behavior of these processes along the flow direction. 


In general, an obstacle in a flow causes pressure drop and momentum loss of the fluid at the 
downstream shaded region. Then, longitudinal momentum is laterally drawn into the area of the 
maximum pressure-drop, restoring it partially. Since the lateral faces of the examined control volumes 
are found close to the cylinder’s walls, the shaded region is encompassed and the relevant processes 
are evident though the values of the contributions to Eq. (3b). Herein, these contributions are 
discussed. The ones referring to the sheared wake (S1) are compared to those referring to the 
symmetrical wake produced by the cylinder in flow with uniformly-distributed velocities (SO). The 
presented terms of Eq. (3b) represent momentum-transport processes, fluid pressure and turbulent 
stresses. Fluid pressure is considered to follow hydrostatic distribution along depth. In Figures 4a and 
4b, the three main contributing terms are examined for different distances of S° downstream the 
cylinder for cases SO and S1. The terms are normalized with the quantity C= pUo*dh/2. 


As it may be observed in Figures 4a and 4b, all processes in S1, including the turbulent stresses, have 
similar tendencies with those occurring in SO. In particular, significant pressure differences are 
observed at small distances downstream the cylinder (S1). These differences gradually decrease, 
while momentum influxes in the near-wake field and generation of turbulence become stronger. 
However, the gradients of all terms are more intense than those corresponding to SO test. This may 
be attributed to the higher Reynolds number of the flow in the main channel, next to the mc/fp 
interface of the compound channel, which distorts the geometry of the wake, suppressing its 
boundaries at smaller distance downstream the cylinder. Higher Reynolds number though, cannot 
explain the differences that the patterns of the particular terms exhibit, in comparison with those of 
the symmetrical wake. 


The main difference is the increased contribution of the net transport term at the expense of the net 
stress term and the pressure-difference term. Moreover, the gradient of the curve that the relevant 
values form is positive throughout the entire examined downstream length, which contrasts to the 
findings referring to SO, where the contribution of this term decreases up to distance x/d~1.2. Analysis 
of results, not presented in this paper, demonstrated that this distance coincides with the wake- 
formation length. 


Higher positive values of the net momentum-transport term in Eq. (3b) imply net influx to the control 
volume. The responsible underlying mechanisms are better understood if the behavior of the 
particular transport terms is investigated. Figure 5 presents the net contribution of the flux imbalance 
at the control surfaces a) in the streamwise direction and b) in the lateral direction. Higher positive 
values of the flux imbalance between S‘” and S® denote significant momentum loss in the main-flow 
direction downstream the obstacle. On the other hand, positive values of the flux imbalance between 
S® and S® imply net momentum-influx from the lateral control-volume faces. According to Figure 
5a, momentum loss due to streamwise-velocity deficits downstream the obstacle is more intense in 
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the symmetrical-wake case. At the same time, integral momentum transfer at the lateral control 
surfaces S® and S® (Figure 5b) is directed outwards the low-pressure region. This means that flow 
deflection upstream the cylinder is so intense that fluxes from S® and S® downstream the cylinder 
do not compensate for the lost momentum of the deflected flow. When the wake is sheared, instead, 
integral lateral fluxes have values close to zero, meaning that flow deflection upstream the cylinder 
is balanced with flow attraction downstream. At this point, it can be assumed that this balance derives 
rather from limited flow deflection than intense flow attraction, since the S1 curve (Figure 5b) is 
found well above the SO curve, and at the same time, both curves have similar gradients. 
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Figure 4: Contributions of the terms of Eq. (3b) for different positions of the outlet surface S® 
of the control volume for a) S0 and b) S1 


In order to investigate the source of this flux balance on S® and S® for the S1 case, the relevant 
longitudinal flux-imbalance-distribution is examined in Figure 6. Negative fluxes upstream and at the 
sides of the cylinder (x/d<0) are due to the flow-deflection process described above. It is well seen in 
Figure 6 that these fluxes for SO are higher than those for S1. Therefore, the assumption made in the 
previous paragraph can be considered valid. 
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Figure 5: Contribution of the transport-terms imbalance on a) S®, S®°) and b) S®, S® 
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Figure 6: Flux-imbalance distribution on S® and S® 


Distribution of the net-stress (turbulent) contributions of S1 has similar gradients to that of SO (Figure 
4). However, the relevant values are decreased to such a level, so that they are significantly 
outweighed by those of the net momentum-transport. This decrease is more evident for x/d>1.2, 
where the corresponding values for SO become positive. Someone would expect that the turbulent 
contributions for S1 would exceed those for SO, due to the existence of the shear layer which leads to 
stronger shear stress in the region next to the mc/fp interface. It appears though, that the 
aforementioned momentum transfer from the sides of the shaded region includes fluxes from the 
high-velocity fluid of the main channel, enriching the wake with streamwise momentum and 
prohibiting the formation of high streamwise-velocity gradients in the lateral direction. Therefore, 
relatively mild velocity gradients do not generate significant shear stresses on S® and S®, and in 
turn, high stress contributions to drag. 


4.2 Drag coefficient 

The drag coefficient of the cylinder subjected to the shear flow was estimated for the elevation of 
reference z=hfp/3. Its value is compared to that of the cylinder in flow with uniform velocities 
distribution (experiment S0). Table 2 summarizes the results and presents the values produced by 
other studies regarding similar Rea numbers for symmetrical wakes. 


The Ca of the cylinder at the interface seems to be lower than that of the cylinder in SO experiment. 
This difference is better evaluated by comparing it with the range of values of the symmetrical-wake 
Ca of the previous studies. This range is bigger but is formed with values concerning also air flows. 
The coefficient referring to a closed water-channel (Lyn et al., 1995), as well as that produced in an 
open-channel flow for several Rea numbers (Robertson, 2016) are higher than those of SO. The 
relevant difference is significant, and of the same magnitude with the difference between Ca of SO 
and S1. Therefore, the reference test SO is considered to be necessary for assessing the drag coefficient 
of the cylinder in the shear layer, since otherwise it would be further underestimated accounting for 
the existing studies. As a conclusion, in any case and given that the bed friction effect is not felt at 
the elevation of calculation of the drag force, drag coefficient Ca of the cylinder decreases when it is 
subjected to the shear layer of the compound channel. 
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Table 2: Drag coefficient of isolated square cylinder 


Studies Rea (-) Ca (-) 
Current, SO 8365 2.06 
Current, S1 12032 2.00 

Yen and Yang, 2011 6300 1.86 
Norberg, 1993 13000 2.15 
Yen and Liu, 2011 21000 2.06 
Lyn et al., 1995 21400 2.10 
Robertson, 2016 10000-22000 2.11 


5. CONCLUSIONS 


This study demonstrated how the shear layer of a compound channel affects drag on an emergent 
square cylinder located at the interface between the main channel and the floodplain. The momentum- 
balance equation was applied in its integral form in an assumed control volume for the estimation of 
the drag force at a certain elevation from the floodplain bed. The wake processes were also identified 
through determination of the terms engaged in the momentum-balance equation and they were 
compared to the ones related to the symmetrical wake produced by a cylinder in a flow with uniform 
velocities distribution. 


The main deviations that emerged through this comparison are: 
e the lower streamwise-momentum deficits in the shaded region donwstream the cylinder, 
e the limited flow deflection upstream the obstacle, 
e the lower net shear from the flow at the sides of the cylinder wake. 


Regarding the drag coefficient Ca, a small decrease was observed comparatively to that yielded by 
the cylinder with the symmetrical wake. The assessed value is found within the range of values 
mentioned in previous studies and it approximates rather the lower estimations. 
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Abstract 

The selection of the optimal type of a spillway is considered as one of the most important parameters 
for the dam construction. The objective of this research is to develop a multi-criteria decision making 
model (MCDM) based on fuzzy set theory. For this purpose 5 alternative types of spillways were 
selected with nine criteria. Since most information available in this stage is not numerical and 
uncertain, fuzzy set theory and linguistic variables, parameterized by triangular fuzzy numbers (TFN), 
are used to represent the evaluation ratings of candidate items. The developed model, which is a 
combination of both methods TOPSIS (Technique for Order Preference by Similarity to Ideal 
Solution) and AHP (Analytic Hierarchy Process), ranks candidate items and assists decision makers 
in selecting the most proper type of spillway. An example of selecting the optimal spillway is used to 
illustrate the concept developed. 


Keywords: Optimal spillway, Linguistic variables, MCDM, TEN, Fuzzy, TOPSIS method, AHP 


1. INTRODUCTION 


Multi-criteria decision making methods (MCDM) in a fuzzy environment can deal with problems 
which are too complex or ill-defined. In other words, a MCDM method is the process of finding the 
optimal alternative among all feasible alternatives (Tecle et al. 1988; Weng et al. 2010). Several 
techniques are available such as the Compromise Programming (Zeleny, 1974), the Analytic 
Hierarchy Process (Saaty, 1980), the Cooperative Game Theory (Nash, 1953; Szidarovszky et al., 
1984), the Composite Programming (Bardossy et al., 1985) etc. Among those techniques we selected 
TOPSIS method into fuzzy environment, using a linguistic scaling and a part of the AHP to assign 
weights to the data of the problem. 


The optimal type of a spillway is one of the most complex issues in water management including 
considerable uncertainty due to the existence of qualitative criteria. The main criteria were determined 
using extensive library studies and experts’ opinion. The institutes that were found to give special 
recommendations for the spillway type selection are the Indian Standards Institute (Bureau of Indian 
Standards, 1982) and U.S. Bureau of Reclamation (Reclamation, 2014). Finally, nine criteria have 
been chosen: a) C1= construction costs, b) C2= maintenance costs, c) C3= foundation, d) C4= reservoir 
capacity, e) Cs= static/ construction difficulty, f) Co= discharge capacity, g) C7= physical space, h) 
Cs= conveyance feature (costs and construction difficulty) and i) Co= aesthetic, to evaluate the five 
alternatives (types of spillway): a) Xi= ogee or overfall spillway, b) X2= shaft or morning glory 
spillway, c) X3= side channel spillway, d) X4= siphon spillway and e) Xs= gated spillway. 
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2. TOPSIS (TECHNIQUE FOR ORDER PREFERENCE BY SIMILARITY TO IDEAL 
SOLUTION) METHOD 


TOPSIS (Technique for Order Preference by Similarity to Ideal Solution) method was first developed 
at 1981 by Yoon and Hwang (Yoon and Hwang, 1981). Its basic concept is that the chosen alternative 
should have the shortest distance from the ideal solution and the farthest from the negative-ideal 
solution. In the last two decades TOPSIS and Fuzzy TOPSIS have been employed in many fields; 
fuel buses selection (Vahdani et al., 2011), bridge scheme selection (Mousavi, 2008), inter-company 
comparison (Deng et al., 2000), risk identification (Ebrahimnejad et al., 2010), robotics (Chu and Lin, 
2003), supply chain management (Chen et al., 2006), temporary storage design in industrial plants 
(Heydar et al., 2008) etc. For hydraulic and water management issues in particular, it has been used 
in selecting dam site (Tzimopoulos et al., 2013), irrigation networks (Tzimopoulos et al., 2012, 
Tzimopoulos, 2012), risk assessment of dam removal (Qi, 2010) etc. 


There have been several approaches for Fuzzy TOPSIS. The chosen one for this application is Chen’s 
approach (Chen, 2000). According to this theory, the attributes are expressed in TFNs, the 
normalization method is linear and vertex method is proposed for the calculation of the distance 
measurements for the final ranking. The procedure of fuzzy TOPSIS is similar to the classic one and 
can be expressed in a series of steps: 


a) Construct the normalized decision matrix. 


— In the fuzzy environment, in order to avoid the complicated normalization formula used in 
classical TOPSIS, the linear scale transformation is used to transform the various criteria 
scales into a comparable scale. 


Cc; Cj Cj i 


~ | ay By C) i 
ij 5 +9 k9 k » ©; = MAX C; (1) 


where X; = (a b,c ul are the elements of the decision matrix. 


ij? 
b) Construct the weighted normalized decision matrix. 
=w i, j=1,2,...m , i=1,2,...n (2) 
c) Determine the fuzzy ideal and fuzzy negative-ideal solutions. 
A*t = Roa oan ne (3) 
A` ={V, V.V} (4) 
where v =(1,1,1) and V; =(0,0,0), j=1,2,...m. 
d) Calculate the separation measure: 
— Ideal separation 
m 
H = > dG. v) i=1,2,...n (5) 
j=1 
— Negative-ideal separation 


m 
S; = )id@y.¥;) i=1,2,...n (6) 
j=l 


where d(vjj : v) and d(vjj ; vj) are distance measurements calculated with the vertex method: 
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— Ifi a k? 2 (<2 3 
aco falei- E YG) FRG YG) |? 7) 


oe oe ee) ee, eee 3 | 
Rij = (xt x2,x3), Yij =(yi.y2.y3 


e) Calculate the relative closeness to the Ideal Solution. 


c=, O<c;<1,  i=1,2,...,n (8) 
(S; +S, ) 


c=] if AA‘ 
c=0 if AA 
f) Rank the preference order. 


— A set of alternatives can now be preference ranked according to the descending order of c 


(ad uds9j91d Busenur) TX IMquyy 


Attribute X, (increasing preference) 


Figure 1: Basic concept of TOPSIS method (A+: Ideal point, A`: Negative -Ideal Point) 


The method presupposes that: 
a. Each criterion in the decision matrix takes monotonically either increasing or decreasing 
utility. 
b. A decision matrix of n alternatives and m criteria and a set of weights for the criteria are 
required. 


c. Any outcome which is expressed in a non-numerical way should be quantified through the 
appropriate scaling technique. 


3. LINGUISTIC VARIABLES EXPRESSED IN TFN (TRIANGULAR FUZZY 
NUMBERS) 


The extension of TOPSIS method in the fuzzy environment can be achieved by expressing the weights 
of criteria and ratings as linguistic variables. A linguistic variable is a variable whose values are 
linguistic terms. The concept of linguistic variable is very useful in dealing with situations which are 
too complex or too ill-defined to be reasonably described in conventional quantitative expressions 
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(Zadeh, 1975). According to many authors, the linguistic variables can be expressed in positive 
triangular fuzzy numbers as shown in Tables 1 and 2 (Chen, 2010). 


Table 1: Linguistic variables for the importance weight of each criterion 


Very low (VL) (0.1,0,0) 
Low (L) (0.3,0.1,0.1) 
Medium low (ML) (0.5,0.3,0.3) 
Medium (M) (0.7,0.5,0.5) 
Medium high (MH) (0.9,0.7,0.7) 
High (H) (1,0.9,0.9) 
Very high (VH) (1,1,1) 


Table 2: Linguistic variables for the ratings 


Very poor (VP) (1,0,0) 
Poor (P) (3,1,1) 
Medium poor (MP) (5,3,3) 
Fair (F) (7,5,5) 
Medium good (MG) (9,7,7) 
Good (G) (10,9,9) 
Very good (VG) (10,10,10) 


4. TRIANGULAR FUZZY NUMBERS (TFN) 


We define a fuzzy number M on R* to be a triangular fuzzy number in case its membership function 
y g y p 
x 4 


-—,İ x E€[£,c], 
c- c-£ Lae 
, x u 
Hg (x): R > [0, 1] is equal to pġ &) = ; x € [c,u], (9) 
c-u c-u 
0, otherwise 


where @ <c <u. The triangular fuzzy number M can be denoted by (£, c, u). 


EE I ET 


u 
Figure 2: A triangular fuzzy number M 
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Consider two triangular fuzzy nucbers M ı and M 2, Mı= (£1, C1, U1) and M2= ( € 2, C2, U2). 


1. (41, C1, U1) + (£2, C2, U2) = (214+ £2, C1 + C2, U1 + U2) 


2. (41, C1, U1) X (L2, C2, U2) = (41 X £2, C1 X C2, U1 X u2) 


3. (A, A, A) X (41, C1, U1) = (A L 1, Aci, Aut), A>O, Ae R 
A.(01,¢1, wi)! = (An, 1/c1, 1/21) 


(10) 
(1) 
(12) 
(13) 


5. ANALYTIC HIERARCHY PROCESS (AHP) SCALING 


The analytic hierarchy process (AHP) (Saaty, 1980) is based on decomposing a complex MCDM 
problem into a system of hierarchies. There is a fundamental scale of absolute numbers from 1 to 9 
shown in Table 3, in order to design the hierarchy. 


When we estimate dominance in making comparisons, particularly when the criterion of the 
comparisons is intangible, instead of using two numbers w; and wj from a scale (rather than 
interpreting the significance of their ratio wi/w; ) we assign a single number drawn from the 
fundamental scale 1 to 9 of absolute numbers shown in Table 3 to represent the ratio (wi/wj)/1. It is a 
nearest integer approximation to the ratio wi/w;. The derived scale will reveal what the wi and w; are. 
This is the main fact about the relative measurement approach and the need for a fundamental scale. 


Table 3: Fundamental Scale of Absolute Numbers 


Intensity of Importance | Definition Explanation 
1 Fial onoi Two activities contribute equally to the 
objective 
2 Weak or slight 
3 Maderitedmperance Experience and judgment slightly favor 
one activity over another 
4 Moderate plus 
5 Sikons importance Experience and judgment strongly favor 
one activity over another 
6 Strong plus 
Very strong és An activity is favored very strongly over 
7 ; another; its dominance demonstrated in 
demonstrated importance ‘ 
practice 
8 Very, very strong 
The evidence favoring one activity over 
9 Extreme importance another is of the highest possible order of 


affirmation 


Reciprocals of above 


If activity i has one of the 
above nonzero numbers 
assigned to it when 
compared with activity Jj, 
then j has the reciprocal 
value when compared 
with 1 


A logical assumption 
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6. ILLUSTRATIVE APPLICATION 


The chosen dam is named “Pigi Dam” by “Kotza- Dere” river, which is located in Northern Greece. 
It is considered as a large dam (GCOLD, 2013) and was constructed on 1999. It is a rockfill dam with 
the upstream face made of concrete (impervious zone) constructed for irrigation. The dam is 38 m 
tall, 159 m long and its volume is calculated at 13910? m°. Its reservoir capacity and surface are 
2,750 x10° m? and 265 x10? m? respectively and the discharge capacity of its spillway is 884 m°/s. 


In order to define the optimal type of this dam’s spillway, the calculation steps that need to be made 
are described below. Firstly, the decision maker computes the weights for the different criteria (Table 
5) and the decision matrix by creating pairwise comparison matrices according to AHP. It is important 
to mention that in all cases, C.R. (Consistency Ratio) is less than 0.1 and the judgments are acceptable. 


Table 4: Comparison matrix for the weights 


C! c c? cí e C (e4 c8 (0k 
C! 1 1 4 4 4 5 7 3 9 
C 1 1 4 4 4 5 7 3 9 
c? 0.25 0.25 1 0.2 1 4 6 0.25 6 
ct 0.25 0.25 5 1 5 6 5 0.25 7 
c5 0.25 0.25 1 0.2 1 5 > 0.25 6 
Cc 0.20 0.20 0.25 O17 0.20 1 3 0.2 4 
C 0.14 0.14 0.17 0.20 0.20 0.33 1 0.14 5 
c? 0.33 0.33 4 4 4 5 7 1 8 
C? 0.11 0.11 0.17 0.14 017 0.25 0.20 0.13 1 


Table 5: Criteria’s weights 
C! C c? Cc c5 (ou c Cc Cc 


0.235 0.235 0.074 0.133 0.075 0.039 0.029 0.164 0.015 


0.25 


0.20 
0.15 
0.10 
0.05 | | 
Sats 


0.00 
Ce G &@ © G ef G Cro 


Weights 


Criteria 


Figure 3: Importance of each criterion after AHP evaluation 
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Table 6: Decision matrix after AHP evaluation 


© 


C! c? C? Ç! CS C c C? 
Xı 0.22 0.50 0.29 0.08 0.36 0.06 0.13 0.11 
X2 0.47 0.13 0.06 0.08 0.04 0.52 0.34 0.04 
X3 0.22 0.26 0.06 0.08 0.08 0.06 0.13 0.28 
X4 0.05 0.07 0.29 0.08 0.16 0.28 0.34 0.28 
X5 0.03 0.03 0.29 0.67 0.36 0.06 0.06 0.28 


0.28 
0.52 
0.06 
0.06 
0.06 


At the second step fuzziness is introduced to the process so as to confront the uncertainties of 


judgments or calculations of the previous step. After normalizing the decision matrix and t 
matrix for the criteria by dividing each element with the maximum value per criterion, t 


he weights’ 
he decision 


maker reconstructs these matrices using linguistic variables. Finally, he applies the linguistic 


variables to the TFNs proposed by Chen in Tables 1 and 2. 


Table 7: Linguistic and fuzzy weights 


C! C C? cí C © c Cc œ 
VH VH ML M ML L L MH L 
(0.9,1,1) (0.9,1,1) (0.1,0.3,0.5) (0.3,0.5,0.7) (0.1,0.3,0.5) (0,0.1,0.3) (0,0.1,0.3) (0.5,0.7,0.9) (0,0.1,0.3) 
Table 8: Decision matrix in linguistic terms 
C! C c? c C C! Cc c? © 
Xi F VG VG P VG P MP F F 
X2 VG MP P P P VG VG P VG 
X3 F F P P MP P MP VG P 
X4 P P VG P F F VG VG P 
Xs P P VG VG VG P MP VG P 
Table 9: Fuzzy decision matrix 
C! C? C ct © Cc Œ c? C 
XI (3,5,7) (9,10,10) (9,10,10) (0,1,3) (9,10,10) (0,1,3) (1,3,5) (3,5,7) (3,5,7) 
X2  (9,10,10) (1,3,5) (0,1,3) (0,1,3) (0,1,3) (9,10,10) (9,10,10) (0,1,3) (9,10,10) 
X3 (3,5,7) (3,5,7) (0,1,3) (0,1,3) (1,3,5) (0,1,3) (1,3,5) (9,10,10) (0,1,3) 
X4 (0,1,3) (0,1,3) (9,10,10) (0,1,3) (3,5,7) (3,5,7) (9,10,10) (9,10,10) (0,1,3) 
X5 (0,1,3) (0,1,3) (9,10,10) (9,10,10) (9,10,10) (0,1,3) (1,3,5) (9,10,10) (0,1,3) 


The procedure continues with the TOPSIS’ calculations (Equations 1-8). 
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Figure 4: Separation measures; Ideal separation, Negative-ideal separation 


Finally, we obtain the ranking between the alternatives by calculating the relative closeness. 
Xı (0.313) >X5(0.261) > X3(0.246) > X2(0.243) > X4(0.224) 


Xı= ogee spillway > Xs= gated spillway > X3= side channel spillway > X2= shaft spillway > X4= 
siphon spillway 


7. DISCUSSION AND CONCLUSIONS 


This paper presents the first application of the combination of the proposed MCDM methods with 
fuzzy logic to solve the problem of selecting the optimal type of a spillway in all types and sizes of 
dams. 


Although a spillway is an important chapter in hydraulics, little guidelines on how to select its type 
can be found in literature. As a result, in most cases, the selection derives from a techno-economic 
and feasibility analysis. Our study proves that more parameters rather than technical feasibility and 
low construction costs should be taken into consideration. X2 (shaft or morning glory spillway) 
spillway has the highest evaluation for C! (construction costs) criterion (Table 8), which means that 
it is the most cost-efficient alternative. Nevertheless, in the presented approach, X2 would be the 
fourth choice out of the five. 


Finally, it is suggested that engineering problems involving decision making could be better dealt 
with MCDM methods and fuzzy logic. It helps the decision maker not only to get the optimal solution, 
but also have a ranking order. The aforementioned process could also be implemented in various 
engineering problems. 
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Abstract 

Particle methods are computational techniques in which material particles move under the action of 
forces obtained from the discretization of the governing partial differential equation (e.g. the Navier- 
Stokes equations in fluids). A large group of recently proposed particle methods are meshless, i.e they 
do not require an associated mesh or grid in order to track the motion of the particles. As such, 
particle methods are very well suited for modelling and simulating flows with interfaces undergoing 
large deformations. In this paper we present a brief review of particle methods with emphasis on the 
method of Smoothed Particle Hydrodynamics (SPH). Basic concepts of the SPH method such as the 
integral interpolation method, the discretization of partial differential equations (PDEs) based on 
distributed nodal points (particles), and the choice of interpolation kernel functions are reviewed. We 
describe recent work on corrections applied to the original SPH method, the implementation of the 
method in LAMMPS and on validation of computer codes based on test cases. 


Keywords: Particle Methods, Smoothed Particle Hydrodynamics (SPH), LAMMPS, Environmental 
flows 


1. INTRODUCTION 


The methods of conventional Computational Fluid Dynamics and Computational Hydraulics are 
based on Partial Differential Equations (PDEs) derived in the conceptual framework introduced by 
Euler. These methods have reached a very good level of maturity nowadays. However, at the same 
time, the weaknesses of these methods have been exposed and the limits of their applicability are now 
fairly well understood. For example, these methods fail in cases of large deformation of free surfaces 
or, more generally, interfaces. In contrast, Lagrangian methods, based on the concept of describing 
the flow by following the motion of fluid particles appear to have the capability to overcome the 
problems associated with large deformations. In addition, Lagrangian particle-based methods offer a 
unified framework for overcoming the difficulties associated with multi-scale modeling and 
simulation. 


A number of particle methods have been proposed over the past three decades, e.g. Smoothed Particle 
Hydromechanics, Moving Particle Semi-implicit, Element—free Galerkin method, Material Point 
Method, among many others. These particle methods do not require a mesh (grid) for their 
implementation. It should be noted that there are particle methods that require grid such as the Particle 
in Cell (PIC) method. These methods are not in the category of numerical methods discussed in this 
work. 
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Among the particle methods, Smoothed Particle Hydrodynamics has become very popular with 
researchers in coastal engineering, computational hydraulics and wave/structure interaction. SPH was 
originally proposed as a method for the solution of problems in astrophysics (Lucy, 1977, Gringold 
& Monaghan 1977) for the solution of Newtonian non-viscous compressible flow. For approximately 
fifteen years the method was exclusively at the hands of astrophysicists. Monaghan (Monaghan, 
1994) proposed the application of SPH to free-surface flow simulation. The original formulation 
assumed a weakly compressible fluid. Monaghan’s paper kicked off a period of great interest in SPH 
which lead to significant improvements and extensions of the method. SPH is a purely Lagrangian 
method. Its success depends on the use of appropriate interpolation kernels (smoothing kernels), i.e. 
functions that interpolate the unknowns based on their values at irregularly spaced points (1.e., at the 
positions of particles). Some subtle points of the method include the topics of consistency, stability 
and convergence. SPH offers a number of important computational and modeling advantages over 
traditional CFD methods. SPH momentum equation does not contain the nonlinear advection terms 
that create a lot of difficulties in the computation of momentum dominated flows. Consequently, SPH 
does not require upwinding schemes. The method follows easily free surfaces in liquid flows without 
the need of special techniques, such as Volume of Fluid (VOF) or level-set methods to track the free- 
surface. Furthermore, SPH incorporates easily solid boundaries of complex geometry and serves as 
an approximate Large Eddy Simulation (LES) method in fluid flow simulation (for another view see 
Cleary and Prakash 2004). In addition, SPH can easily incorporate models of processes, such as heat 
transfer, solidification, solute transport, sediment transport, etc. to the basic fluid flow SPH equations. 
Generally, mesh-free particle methods are better suited for adaptive refinement procedures and for 
multi-scale computations (Li and Liu 2002, 2004). 


2. THE METHOD OF SMOOTHED PARTICLE HYDRODYNAMICS 


The central idea in SPH is the subdivision of the system under study to a number of moving particles 
(“chunks” or blobs of matter) (Monaghan, 1988 and 1992). The conservation laws of continuum fluid 
dynamics, in the form of partial differential equations, are transformed into their particle forms by 
integral equations through the use of an interpolation function that gives the kernel estimate of the 
field variables at a point. Information is extracted only at discrete points (the particles) and the 
integrals are evaluated as sums over neighboring particles. Each particle has a constant mass and 
time-dependent velocity, density, pressure, dynamic viscosity, temperature (as needed by the problem 
under study). In the SPH framework the governing PDEs describing the system in motion are 
transformed to a number of ordinary differential equations (ODEs). For example, a possible form of 
SPH formulation of conservation of momentum and mass PDEs leads to a set of ODEs for the 
velocities and densities of the particles which can be integrated by a numerical method of integration 
of ODEs (e.g. Verlet, Euler, Runge-Kutta, etc). The positions of the particles are then calculated by 
integrating the velocity. Detailed work on SPH can be found in (Gingold and Monaghan, 1977; 
Koumoutsakos, 2005; Shao, 2009; Bouscasse et al. 2013; Hieber and Koumoutsakos, 2008). 


3. THE MATHEMATICS OF SMOOTHED PARTICLE HYDRODYNAMICS 


In this section we briefly review the basic steps in developing an SPH formulation for a given partial 
differential equation. The case of Navier-Stokes equations and the energy equation for a Newtonian 
fluid is treated in some detail. 


3.1 Integral approximation of functions and their derivatives 
The starting point of an SPH formulation is an integral approximation of a function f (x). In its ideal 
form the approximation has the form of the identity 


f (x)= | f(’) 6(x-x') dx’ (1) 
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where x is the position vector and O(x — x’) is the Dirac’s delta function defined as 


ate-x)= {4 ótav X=X 


0 ótav x#x’ 


In section 3 boldface characters denote vectors or tensors. Dirac’s delta function is a generalized 
function (distribution) of point support that has the important property (1). 

In order to be able to use the integral representation given by eq. (1) in a discrete computational 
scheme one has to replace the delta function by another function, say w(x — x';h) with finite support. 


This function is called kernel of the integral approximation and plays the role of a smoothing function 
over a spatial neighbourhood of dimensionh . 


N frewa —x’; h) dx’ (2) 


As expected the kernel (smoothing function) has to satisfy a number of conditions (Monaghan 1992). 
Equally important for the success of the SPH method is that the spatial derivatives can be computed 
by formulas of the form 


oa) )-VW(x-x';h)dx' (3) 


It is clear that the choice of the kernel is important for the success of the method. Furthermore, the 
smoothing length h has to be chosen judicially. 


3.2 Discretization using a set of particles 

The second step in developing an SPH formulation is the discretization of the problem domain by a 
set of point masses (particles). The smoothing kernels (also known as interpolation kernels) are 
centered at the point masses. The value of a field variable and its derivative at particle i are calculate 
by the discete forms of equations (2) & (3). For a variable f (x), we calculate its value at x, by 


; Wik, -x,) (4) 


and the gradient at position x, by 


vF(x,)=V5om, fiw, =m, Liyw, (5) 
ah j j 
Since W is radially symmetric 
x, dW, 
V,W;= (6) 
la 


where X, =X,;-X,, j= 


3.3 An SPH formulation of the Navier-Stokes equations 
Starting point of the procedure is the general continuum form of the conservation equations for a 


i ş 7 | eee . { 
general fluid. In rectangular Cartesian coordinates (x XX ) the conservation equations for mass, 
momentum and energy are written in indicial notation as 


D ðv’ 
cad ee -p—, (7) 


1026 


Protection and restoration of the environment XIV 


Dv‘ 1 ðo” 
Dt p ox’ 


b° (8) 


De 1 Ov" Og 


= 9 
Dt p ax’ = ax" (2) 


where p is the fluid density, (o',v?,v°) are the components of the velocity vector, o” the 
components of the total stress tensor, (q' A qg? : g) is the heat flux vector, (b' b’, b°) is the body force 
per unit mass, a =1,2,3 and 2 =1,2,3. Here, repeated indices imply summation from 1 to 3. The 


symbol — denotes the material (substantial) derivative. Incorporating the constitutive equations for 


Newtonian fluids we obtain the well known Navier-Stokes equations. Incorporating the SPH particle 
approximation for the dependent variables and their derivatives (eqs. 4 and 5) we obtain the SPH 
equations for the Navier-Stokes, continuity and energy equations as follows: 


Dp, _< OW; 
w a ; 7 (10) 
j= i 
Do’ Æ a o% OW 
v; -a2 + |e Lb? (11) 
j=l Pi P Xi 
De, _1 N i Pi f = vf OW; + Hi g gan (12) 
Dt. 2a le p eons 2p 
where v; = 0; —U, and 
p a - 
ae Ay 5? 


Ox® Ox’ 3 
oP =-pd% +1” 


aß 


where 7” are the components of the stress deviator, m, is the mass of the jth particle, p, is the 


density of the ith particle, p; is the pressure of the ith particle, (v!,v?,0?) the velocity of the ith 


particle, and u; the dynamic viscosity coefficient of ith particle. 


3.4 The choice of the smoothing function 

It is obvious that the choice of the smoothing function W and the smoothing length, h, is very 
important and can lead to success or failure of the method. A smoothing function must have a number 
of properties such as the “property of unity”, compact support (i.e, local support), positivity, decay, 
smoothness, symmetry, as well as the “Delta function property”. Among these seven desirable 
properties, two of them are indispensable: 


[we —x’; h) dx =] (“unity” property) (13) 
Q 

and 

im W(x —x’;h)= 5(x—x’) (“Delta function” property) (14) 
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A number of smoothing function have been proposed over the years (see Liu & Liu 2010). Here we 
x —x’ 
list the most important of them. Let R = e Then, three useful smoothing functions are: 


Gaussian kernel (Gingold & Monaghan, 1977) 


W(R,h)=a,e" (15) 
where 
1 5 
ay = T for 1-D, a = P for 2-D, a= E for 3-D problems. 
Cubic B-Spline 
2-R?°+4R?, O<R<1 
W(R,h)= a,x} 1(2-R°} 1<R<2 (16) 
0, R = 2 
1-D |2-D 3-D 
a, | Yh | 15/7rh? | 3/2rh? 
Quintic spline 
(3-R) -6(2-RY +15(1-RY, 0<R<1, 
(3-R) -6(2-R), 0.5<R <2, 
W(R, h) = 4, x 17 
Ewa B-RÝF, 2<R<3, S 
0, R>3 
1-D |2-D 3-D 


a, | 120/h | 7/478h? | 3/3597 h? 


3.5 SPH equations as solved in LAMMPS 
In the LAMMPS implementation the field variables are fp, v,e,P, Q} that is density, velocity, internal 
energy, the stress tensor, and the heat flux vector. The descritized equations are: 


Local density for particle i 
N p , N 

Pi = m, =W, =>) m,W, (te) 
jal j j=l 


This is frequently referred in the mathematical literature as “partition of unity”. 


Momentum equation for particle i 


dvi PQ SP, 
dt T 2 “2m, VN (12) 
i J= J= J 
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where P is the stress (pressure) tensor. Note that the pair-wise forces are 


dv. N P. P. 
f, =m, T -- Sina [ z hw (20) 


Continuity equation 


do, N N N 
are a -v, >m,V,W, —>.m,v,V,W, (21) 


j=l j=l 


Energy equation 


m, £ ~ -LSmm ~ Z :v.V W; F —! (« +e Mr a -V W, (22) 


Newman-Richter type artificial viscosity 


Monaghan has introduced an artificial viscosity term in order to avoid instabilities in this SPH 
formulation of the N-S equations. It is adopted in the LAMMPS formulation so that the pair-wise 
forces are modified and take the form 


} a P. P, 
an - Zn [ eon} W, (23) 


m h C; +C; Vi Ti, (24) 
. =-a 
Pit Pj r +eh° 


J 


where c, = speed of sound of particle 7, c, = speed of sound of particle j, a = auxiliary factor for 
control of dissipation, € = auxiliary factor used to avoid singularities when r; 0. As a rule of 


thump e ~ 0.01. The energy equation has to be also modified. 


3.6 Some remarks about SPH formulations for fluids 

In relation to the application of the SPH method in fluid dynamical problems we should mention that 
the treatment of pressure for incompressible flow can be carried out either through an equation of 
state or by enforcing the incompressibility condition via a Poisson equation for pressure. Another 
important issue in viscous water flows is the treatment of viscosity, which is a key quantity in 
determining water transport. In addition, the computational enforcement of boundary conditions 
(especially inlet-outlet boundary conditions) requires further development (Lykov et al., 2015 Lei et 
al., 2011). Collision detection at impermeable solid boundaries is also very important. 


4. RESULTS 


We applied the SPH simulation method on a software platform that has been widely used for research, 
primarily for Molecular Dynamics simulations of atomistic systems, LAMMPS-Large-scale 
Atomic/Molecular Massively Parallel Simulator (Plimpton, 1995). Due to its particle nature, SPH is 
directly compatible with the existing code architecture and data structures present in LAMMPS for 
MD (Sofos et al., 2009, 2010, 2013, Liakopoulos, 2016) and Dissipative Particle Dynamics (DPD) 
(Kasiteropoulou, 2012). Furthermore, its parallel nature offers a boost in all simulations that could be 
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executed in parallel tasks (Herault et al., 2010, Verma et al., 2017, Wu et al., 2017). Here we 
investigate two SPH test cases, the development of an unsteady (transient) Couette flow, and the well- 


documented, water column collapse example. Model screenshots are created with Ovito [Stukowski, 
2010]. 


4.1 Transient Couette flow 

A 3-D rectangular simulation box is created for unsteady Couette flow, as shown in Fig. 1. The 
dimensions in x-, y- and z-directions are 15,=20, Ly=10, LE =10. The asterisc denotes values scaled to 
Lennard-Jones values. Wall and fluid particles are set on fcc sites in the beginning of the simulation 
and remain on their initial position until the upper rigid plate moves. The upper wall is given a 
constant velocity, vy =3.0, in the x-direction and drives the flow due to friction. There are 2000 wall 
particles and 6000 liquid particles in the simulation. The nominal density is constant p '=1. Periodic 
conditions are enforced in the x and z directions. The simulation runs with a timestep of 4t’=0.001 
for 2x 10° timesteps. 


4.2 Water column collapse in a tank with obstacles 

In this example we present the collapse of a water column in a rectangular tank with obstacles 
(Gomez-Gestheira et al. 2010). Walls remain stationary. Simulation for 5x10‘ timesteps (or, 7.5 sec) 
can reveal the full evolution of the phenomenon (Fig. 3) and agrees with documented results. 


x 
Figure 1: A Couette flow model (Z;=20, L,=10, £2=10) 


The velocity profiles extracted at various times are shown in Fig. 2. Velocity profiles tend to reach a 
linear velocity distribution across the y-direction at steady state, as expected from the Navier-Stokes 
theory. 


40 T T T T T 
upper wall 


we 
30 F + ke 4 
w” 


+ 2 7 
ex * y a + 0.2x10° steps 
ir gs ee *  0.6x10° steps 
nd 1x10® steps 
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y-direction 
N 
© 
T 
+ 


Figure 2: Couette flow: x-Velocity profile across the y-direction. 
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5. CONCLUSIONS 


We have shown that the SPH method, as a purely particle method, has many similarities to Molecular 
Dynamics, the well-documented atomistic simulation method, as well as to mesoscopic methods such 
as Dissipative Particle Dynamics (DPD). We have also reviewed some of the most basic concepts in 
the SPH formulation for solving partial differential equations with emphasis on the particular method 
for the N-S equations implemented in LAMMPS. SPH is well suited for flows of liquids with free 
surface such as wave propagation, wave/structure interaction, wave/ship interaction, sloshing to 
mention a few. Furthermore, SPH is very useful in applications in soil mechanics, geotechnical 
engineering, and water resources engineering such as: flood wave propagation modeling, floodplain 
inundation predictions, open channel hydraulics etc. Finally, we would like to address the practical 
problem of reducing the required CPU time for SPH and more generally for particle methods. Parallel 
processing and hardware innovations offer the best hope for improvements. The high-performance 
parallel architecture provided by CUDA-enabled GPUs is ideal for SPH models. The use of graphic 
cards and CUDA has allowed much finer details to be revealed, due to the ability to run computations 
with hundreds of times more particles in far shorter times than required for similar code runs on a 
single CPU or even on many clusters. 


= 
S 
L 


t=0 sec t=0.75 sec t=1.5 sec 


a 
3 
E 


t=2.25 sec t=3.0 sec t=4.0 sec 


E 
E 
E 


t=5.5 sec t=6.5 sec t=7.5 sec 


Figure 3:Water column collapse in a tank with obstacles 
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Abstract 

In the last decade, applications of the Multi-Criteria Decision Making (MCDM) techniques in GIS- 
based land suitability procedures have been increased, especially at a regional-scale planning 
processes. Through these procedures, conflicts between urban growth and ecological conservation 
have been brought to the forefront, especially in developing coastal areas, while potential ecological 
environmental risks have been emerged as a result of land-use changes (e.g. urbanization). An 
optimized land-use planning and development could reduce this risk at a regional scale. Modern 
planning theories encourage approaches with Multi-Criteria Decision Making (MCDM) techniques, 
combined with GIS, as they have been applied successfully in a number of land suitability analysis 
and environmental planning and management scenarios. 


This study aims to present a realistic and detailed set of criteria and a group decision making, by using 
MCDM techniques and Analytical Hierarchy Procedure (AHP - Fuzzy AHP), in order to define the 
most preferred option to secure a sustainable coastal land-use and development at the Pilea-Kalamaria 
seafront in Thessaloniki, Greece, where no land-use is configured in its largest part. In order to built 
the MCDM model, the study was organized into four principal stages: (i) defining the land suitability 
criteria of the model, (ii) ranking the importance of each criterion, (iii) generating land suitability 
maps for each criterion, and (iv) generating a final map with the suitable land-uses of the study area 
accompanied by a detailed analysis of the results of the MCDM model and a comparison of the results 
with the most recently approved General Urban Plan of the study area. 


Keywords: MCDM model; land-use planning; coastal area; urban development; spatial optimization 
1. INTRODUCTION 


Urban land-use suitability can be influenced by the large numbers of environmental, economic and 
social factors, such as ecological health, population growth and economic development. As cities 
expand physically, the frontiers between urban and rural activity are distorted and merged, presenting 
opportunities for beneficial linkages (Phua & Minowa, 2005). 


Over the past years, many tools based on Geographic Information Systems (GIS) and Remote Sensing 
(RS) techniques have proved useful for land management. The incorporation of multi-criteria 
evaluation methods into GIS has emerged as a promising research area by creating a modular 
hierarchical system of the land suitability index, which will aim at delivering a strategic 
environmental assessment of developmental land-uses for regional planning (Marull et al., 2007). 
However, the limitation of most existing multi-criteria evaluation models and land-use allocation 
models is that the uncertainties about the future distribution of land-uses are not explicitly taken into 
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account (Verdoodt & Ranst, 2006). There are many important factors associated with environmental 
quality, construction investment, soil resources and population density during the evaluation process. 
These factors can be sorted into different indicators, but the complicated interrelationships among 
them cannot be simply expressed by the restrictive equalities or inequalities in the conventional 
evaluation models (Mosadeghi, 2013, Langemeyer et al., 2016). 


For the creation of a realistic Multi Criteria Decision Model (MCDM), the Analytic Hierarchy Process 
(AHP) is proved as a useful systematic analysis tool for handling multi-criteria decision-making 
process. It enables the consideration of social and economic objectives, which are recognized to be 
of the same importance as the ecological and environmental ones (Xu et al., 2006, Zeng et 1., 2007). 
However, it depends excessively on the subjective weight of each performance indicator from 
experience, while the interrelationships among multiple indicators are ignored (Yang et al., 2008). 


This study proposes a spatial analysis system for urban land-use management integrating 
environmental assessment tools with multi-criteria land resources information system, in order to 
define the most preferred option to secure a sustainable coastal land-use and development. The 
MCDM model was created using AHP analysis in order to rank correctly the importance of each 
criterion used. An integrated land suitability evaluation model based on GIS is proposed and applied 
in Kalamaria-Pilea seafront as a case study. 


The great needs in the area of Thessaloniki, which is densely populated around of its historical center, 
highlight the fact that its urban and metropolitan area must be redefined. Therefore, in the region of 
Thessaloniki, the reconstruction and development of the seafronts of Kalamaria and Pilea will help 
to create a connection with the historical center of the city, thus achieving new dynamics in the 
transformation of the city. Similar examples of expansion of metropolitan areas with the simultaneous 
development of new recreational areas, cultural sites and green spaces, could be seen in many 
European cities, such as in London and in Barcelona (Organization of Thessaloniki, 2001). The 
construction and redevelopment of Kalamaria-Pilea seafront will upgrade the wider urban landscape 
and the offer of high quality of life, which is general considered as a first priority (Anastasiadis, 
2015). 


2. THE STUDY AREA 


The Kalamaria-Pilea seafront is bordered southeast by the coastal front of Thermi, in which most of 
the facilities of Thessaloniki International Airport ‘Macedonia’ are extended, while at northeast is 
bordered by the urban area of Kalamaria Municipality. Also in the extended area of Kalamaria-Pilea 
seafront, a part of the farm of the Aristotle University of Thessaloniki is included (Figure 1). 


The Kalamaria-Pilea seafront was used for many years as an open beach, with the beach of Dalianon 
to be widely known. This situation changed radically after the apparent contamination of Thermaikos 
Gulf, when it stopped being a pole of attraction for the residents' summer baths (Anastasiadis, 2015). 


The total length of the Kalamaria-Pilea seafront is approximately 3.5 km. Characteristic features of 
this area are its key location, where there is access to central public transport facilities, as well as the 
existence of large free spaces that allow the further urban development of the seafront. Road network 
along the coastline does not exist and the beach is accessible to pedestrians only from the shopping 
center ‘Apollonia Politia’ up to the farm of the University of Thessaloniki. 


Despite the very good features of the area, the Kalamaria-Pilea seafront is a neglected area with strong 
signs of abandonment and contamination from the existing land uses (small shipbuilding zones, etc.). 
However, according to the approved General Urban Plans of the Municipality of Kalamaria and the 
Municipality of Pilea-Chortiatis, an urban planning is proposed for the seafront, which aims in the 
sustainable development of the area. 
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Figure 1: The extended study area of the Kalamaria-Pilea seafront in Thessaloniki. 


3. METHODOLOGY 


This study aims to present a realistic and detailed set of criteria and a group decision making, by using 
MCDM techniques and Analytical Hierarchy Procedure (AHP), in order to define the most preferred 
option to secure a sustainable coastal land-use and development at the Pilea-Kalamaria seafront in 
Thessaloniki, Greece. 


Before building the MCDM model for the study area, it was necessary to map the land cover at the 
Kalamaria-Pilea seafront. For this purpose, a cloud-free Sentinel-2A image was downloaded for the 
28th of June 2017 and orthorectified. This imagery was selected in order the peak of the vegetative 
season to be captured, thereby enhancing the detection of green spaces, which are the free spaces of 
the study area (Lefebvre et al., 2016). 


In order to proceed with the MCDM model of the Kalamaria-Pilea seafront, it was necessary to know 
the opinion of the inhabitants about the development of the area, as the approved Urban Plans were 
not put to public consultation. This problem was solved by conducting an in-depth research, using a 
well-formatted questionnaire, through personal interviews and via the internet (electronic survey), 
where the results were included in the criteria used for the model. 


Finally, in order to built the MCDM model, the study was organized into four principal stages: (1) 
defining the land suitability criteria of the model, (ii) ranking the importance of each criterion, (iii) 
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generating land suitability maps for each criterion, and (iv) generating a final map with the suitable 
land-uses of the study area accompanied by a detailed analysis of the results of the MCDM model 
and a comparison of the results with the most recently approved General Urban Plan of the study 
area. 


3.1 Mapping the land cover of the area using Sentinel-2A imagery 

For mapping the current unexploited space in the study area, the orthorectified Sentinel-2A on the 
Hellenic Geodetic Reference System (GGRS’87) was used, which has accuracy up to 10 m. 
Specifically, the bands 12, 11 and 4 were selected using the ENVI software, in order to map the urban 
area and the free space in each municipality in the Kalamaria-Pilea seafront, as the combination of 
these 3 bands results an enhancement of the urban area shown with purple color, while the free space 
is designated with green or/and white color (Figure 2). Here it should be noted that the farm of the 
University of Thessaloniki was not taken into account, as it cannot be exploited further. 


411291 413291 


448942 


Thermaikos Gulf 


411291 413291 


Figure 2: Unexploited area of the Kalamaria-Pilea seafront in Thessaloniki. 


3.2 Defining the land suitability criteria 

Significant steps have been taken recently around the world to harmonize land use with natural terrain 
conditions, as well as to assess the relative degree of intolerance of the terrain with regard to proposed 
land use alterations (Collin & Melloul, 2012). In this study, in order to secure an environmental 
friendly and sustainable coastal land-use and development at the Pilea-Kalamaria seafront in 
Thessaloniki, areas which are environmentally unsuitable for exploitation must be first excluded. 


For this purpose, some basic environmental criteria have been applied in the unexploited areas, such 
us the morphology, the hydrology and the distance from the coastline (Table 1 & Table 2). Thus, 
areas that are in a distance less than 50 m from the coastline, have a high morphological slope (>20%) 
based on the Digital Elevation Model of the area and are in a distance less than 100 m from a stream 
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are considered unsuitable for further exploitation and have been excluded (Figure 3). The 
environmental factors of soils and vegetation were not used for this study area, as the geology of the 
unexploited space is characterized by the presence of undivided Holocene deposits and a sandstone- 
marl series (Antoniades & Ioannidis, 1970), which are partly impermeable soils, while at the same 
time there is no tree cover in the same areas. 


At this point it should be noted that while in the General Urban Plan of the Municipality of Kalamaria 
the areas that should not be used for the protection of the environment have not been included in the 
general urban plan of the Municipality of Pilea-Chortiatis, environmental criteria have not been 
included and the areas that are designated to be developed are different. 


In order to proceed with the definition of the final criteria which will determine the final land uses of 
the study area, the results of a well-formatted questionnaire were used, which constitute the socio- 
economical criteria. The results of the analysis this questionnaire indicate that the inhabitants of both 
municipalities (Kalamaria and Pilea-Chortiatis), prefer the construction of specific activities, with 
low cost and high economic benefit (Anastasiadis, 2015). These results, according to each answer’s 
percentage, were weighted in order to show the preferences of the public (Table 3). 


Table 1: Land usage categories and intensities for various environmental factors (modified 
from Melloul and Collin, 2001). 


Recommended Land-Use Intensity 
Recreation Agricultural Residential Commercial & 
Environmental Ranking Criteria Settlement Industrial 
Factor A 
Conservation Low 
High Tntensit Field Orchards High Low High Low 
Intensity n Crops SS Intensity | Intensity | Intensity | Intensity 
High slope | >20% 1 1 1 1 1 1 1 1 
Morphology 
Low slope | <20% 3 2 4 2 4 3 5 4 
oe <100m 1 1 1 1 1 1 1 1 
rom 
Hydrology hydrologica 
Wk | >100m 3 2 4 2 4 3 5 4 
Permeable 1 1 1 1 1 1 1 1 
Soils 
Impermeable 3 2 4 2 4 3 5 4 
Tree cover 3 2 4 2 4 3 4 4 
Vegetation 
Other cover 3 3 4 3 4 3 3 4 


Table 2: The environmental criteria used in the MCDM model. 


Environmental Factor 


Ranking Criteria 


Recommended Land-Use 


High slope >20% None 
Morphology 

Low slope <20% Commercial & Industrial 

Distance from <100 m None 

Hydrology hydrological 
network >100 m Residential Settlement 
<50 m None 
; i Commercial & Industrial Residential 
Distance from the coastline 3 

+50 m Settlement Agricultural 


Recreation 
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Figure 3: Environmentally suitable areas for sustainable land use development. 


Table 3: The socio-economical criteria used in the MCDM model 


Socio-economical Factor Ranking Criteria Weights resulting by questionnaires 
Sports, etc. 4 
Shopping Malls 3 
Activities 
Cultural Sites 2 


Tourist Facilities 


p 


Low 3 

Cost Medium 2 

High 1 

Low 1 

Economic Benefit Medium 2 
High 3 


As a result, the main criteria that have been used in order to finalize the MCDM model are: 


e The type of the facility that is going to be constructed, which is related with the environmental 
impact. For example, sport facilities that are related to nature (such as swimming) are more 
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environmental friendly than shopping malls and tourist facilities that would completely 
change the present landscape. 


e The cost of the facility. 
e The economic benefit. 


3.3 Ranking the importance of each criterion — AHP Analysis 

The selection of the criteria mentioned was based on the preferences of the public and the 
environmental impact that would have in today’s landscape. These criteria were weighed according 
to Analytical Hierarchy Process (AHP) proposed by Saaty (1977). The Analytical Hierarchy Process 
is a well-known and excellent method of calculating criteria of gravity ratios, which helps to obtain 
subjective and objective evaluation measures. It is a very useful tool for checking the correctness of 
these measures and the alternatives proposed, significantly reducing the error rate. 


This process involves pairing comparisons and creates a list of reasons. It takes inputs as pair wise 
comparisons and generates relative weights (gravity coefficients). In particular, the weights are 
determined by normalizing the eigenvector associated with the maximum value of the inverse ratio. 


The relationship of each criterion is expressed by numerical values given as in Table 4. These values 
are not arbitrary, they follow a certain scale of sizes. This price comparison scale was proposed by 
Saaty (1977) and Saaty & Vargas (1984) and ranges from 1 to 9. The value 1 expresses criteria of 
equal importance, while at the other end of the scale, value 9 represents criteria which are of great 
importance compared to those that are compared each time. 


Table 4: The fundamental scale of AHP (Saaty & Vargas, 2001). 


Intensity of Importance Definitions Explanation 
; Two activities contribute equally to the 
1 Equal importance S 
objective 
2 Weak importance Experience and judgement slightly favour one 
3 Moderate importance activity over another 
4 Moderate plus importance Experience and judgement strongly favour one 
5 Strong importance activity over another 
6 Strong plus importance An activity is favoured very strongly over 
7 Very strong or demonstrated another; its dominance demonstrated in 
importance practice 
8 Very, very strong importance The evidence favouring one activity over 
another is of the highest possible order of 
9 Extreme importance affirmation 


After the correlation of the criteria has been made, the values are processed in order to weight the 
criteria. In order to reduce any chance of error, Saaty (1977) proposed a numerical index to check the 
correctness of the matrix comparison matrix, the so-called CR (consistency ratio). This index is equal 
to the fraction of the consistency index CI and an average consistency index RI. The RI value is the 
average consistency value of random squares of different classes (Saaty, 1977), while for CR>0.1, 
Saaty & Vargas (1984) proposed a re-examination of the original table. 


Final results of the AHP analysis are shown in Table 5. From this analysis the Land Use Sustainability 
(LUS), can be calculated by the following equation: 


LUS=0.48*E+0.41*B+0,11*C 


Where: 
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E, the Environmental friendly facility 
B, the economic Benefit 
C, the Cost of the construction and the conservation of the facility 


Table 5: Weights of paired factors concerning the MCDM model for the Kalamaria-Pilea 
seafront. 


ENVIRONMENT =E 
COST =C 
ECONOMIC BENEFIT =B 


LUS = Land Use Suitability 
LUS = 0.48*E + 0.41*B +0,11*C 


3.4 Land suitability maps generation 
According to the LUS equation the land suitability map of the study area is generated, where from 
the environmentally suitable areas, 48% must be an environmental friendly facility, 41% must be a 


facility which will provide a sufficient economic benefit, while the 11% will be not developed in 
order to keep the cost low. 


411294 413294 


448948 
448948 


Thermaikos Gulf 


Legend 


Sustainable Land Uses 

=| Cultural sites 

=a Green area 

=a Shopping mall 

Eag Sport facilities 

= Tourist facilities 

‘ae Transportation facilities 

CJ Study Area 0o 0,2 0,5 


ees Kilometers 


411294 413294 


Figure 4: Final sustainable land uses in the Kalamaria-Pilea seafront. 
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For the areas selected in the Kalamaria-Pilea seafront 32,5% belongs to Kalamaria Municipality, 
while the rest 67,5% belongs to Pilea-Chortiatis Municipality. This means that this area must have 
land uses within the municipality borders, as it is very difficult to have multiple land uses using area 
from both municipalities. 


According to the above criteria, the final land use sustainable development map has been created, 
with the use of ArcGIS 10.5 software and the Raster Calculator tool (Figure 4). 


4. RESULTS OF THE MCDM MODEL 


By applying the MDCM model and the AHP analysis in the study area, the sustainable land uses of 
the Kalamaria-Pilea seafront were selected according to Figure 4. Transportation facilities were 
selected in a key area, where most of the facilities would be accessible to the public. Small green 
areas were selected, in order to keep the cost low, while tourist facilities were selected to be developed 
at the southern part of the study area, as in a small distance the marina of Pilea will be constructed, 
according to the General Urban Plan of Municipality of Pilea-Chortiatis. Furthermore, sport facilities 
and shopping malls were selected to be constructed as they were chosen by the public through the 
questionnaire. Finally, the area of each sustainable land use is presented in Table 6. 


Table 6: Type and total area of each selected sustainable land use for the Kalamaria-Pilea 


seafront. 

Sustainable Land Use Area (km?) 
Cultural sites 0,12 
Green areas 0,09 
Shopping malls 0,15 
Sport facilities 0,22 
Tourist facilities 0,18 
Transportation facilities 0,05 


5. DISCUSSION AND CONCLUSIONS 


Multi-Criteria Decision Making (MCDM) techniques in GIS-based land suitability procedures have 
been increased, especially at a regional-scale planning processes. By selecting basic environmental 
criteria and socio-economical criteria based on the public’s opinion, which could be easily given 
through a well-formatted questionnaire, the sustainable land uses for any area with no land cover can 
be extracted and be added to a General Urban Plan of any Greek Municipality. 


The MDCM model, which has been presented in the current study, is enhanced by using the AHP 
analysis in order to minimize the errors in selecting the suitable land use. In addition, Remote Sensing 
Methods have been proved necessary in order to map the study area in its current situation. 


Finally, it should be noted that the selection of land uses must be focused both on the environment 
and the economic development of each municipality, as it has been observed from the current study 
that the General Urban Plan of Municipality of Kalamaria had both designated green areas, several 
facilities and zones of environmental protection (coastal zone), while the General Urban Plan of 
Municipality of Pilea-Chortiatis has focused only for the economical development of the 
municipality, without concerning about the environmental protection of the coastal zone. This had 
the result that the sustainable land uses which were selected for the Municipality of Kalamaria were 
close enough to its General Urban Plan, while the sustainable land uses which were selected for the 


1045 


Environmental law and economics 


Municipality of Pilea-Chortiatis differ from its General Urban Plan, demonstrating that this General 
Urban Plan should be furthermore studied. 
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Abstract 

Environmental economic valuation of natural public goods and resources is focused on how to place 
a monetary value on goods and bads, arising from changes that take place within the natural 
environment and affect environmental quality or the available stocks of some natural resources. The 
economic techniques available for economic valuation can be divided into three groups: conventional 
market approaches; constructed market approaches; and implicit market approaches. In constructed 
market, the most widely approach used is the contingent valuation method (CVM), which uses a 
direct approach — some form of questionnaire — in order to ask people what they are willing to pay 
(WTP) for an environmental benefit or willing to accept (WTA) in compensation for a loss. The 
popularity of the method may be attributed mainly to two factors: firstly, it does not require any great 
amount of data that is usually necessary for other techniques; and secondly, it can be applied in a 
great variety of goods and services, including use and non-use values. 


In the present paper the results of a questionnaire survey are presented, in an effort to investigate on 
people’s WTP for better eco-management and protection of the important for Thessaloniki suburban 
forest of Seich-Sou. The current situation of the forest is characterized by abandonment and low 
quality of green space and tree flora, as a result of the ten-year on-going Greek economic crisis. 
However, the forest is regarded as of vital importance, because of its contribution to the quality of 
urban life: the micro-climate of the Thessaloniki’s urban area is strongly and positively affected by 
the forest; it contributes to flood protection; it offers recreational activities; it offers a pleasant 
landscape, etc. The paper describes how the questionnaire has been formed in order to seek for reliable 
answers; how the survey has been organized, designed and implemented; and how the results have 
been critically assessed, in order to reach to safer conclusions on the WTP answer. General 
conclusions may be reached on the successfulness of organizing WTP surveys during the Greek 
economic crisis, by comparing the results of a similar survey conducted some years before this crisis. 


Keywords: Contingent valuation method, Seich-Sou suburban forest, Willingness to pay, 
Questionnaire survey 


1. INTRODUCTION 


Suburban forest areas are of vital importance, since they strongly affect positively many parameters 
of the quality of life of urban areas inhabitants: they are close to urban areas, contributing, thus, to 
enlarge the surface of green space in the built environment; they are visited by many inhabitants, 
usually for walking, and other purposes related to sports and light recreation activities, covering such 
needs and offering a better quality for their body and mind; they may decrease levels of atmospheric 
pollution, noise pollution and they create better micro-climate conditions for the near-by urban area; 
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they have an educational role, offering the opportunity for schools excursions and students visits; 
they contribute positively to better relations between different groups and stakeholders in urban 
societies; and in some cases, they enhance touristic activities, thus, offering opportunities for income 
increase of local people. Suburban forests usually form better urban landscapes and affect real estate 
and housing prices in areas next to green spaces. The contribution of suburban forests to the quality 
of life in urban areas should also be taken into consideration under the parameter that by 2025, around 
3 billion people will be living in cities, while in Hellas, more than 60% of total population already 
lives in cities and towns of more than 10,000 inhabitants, according to the population census of 2011 
of the Hellenic Statistical Authority. In several USA cities relevant research has estimated in 
monetary expression the economic costs of measures to decrease atmospheric pollution that are not 
implemented, due to the existence of such forest areas or economic benefits or the economic benefits 
from measures that are not needed, in order to prevent soil erosion or the economic benefits that are 
gained in energy consumption for heating and cooling, due to better micro-climate conditions, etc. 
[1]. In this paper the results of a questionnaire survey are presented, which was conducted by using 
the Contingent Valuation Method, in order to investigate on the economic value of the suburban forest 
of Thessaloniki, Seich-Sou. The paper includes a brief description of the most important 
characteristics of the area of study, some details on the questionnaire survey design and 
implementation, and finally, the results of the survey with useful comments on the quality and 
reliability of the survey and its results. 


2. ENVIRONMENTAL VALUATION BY ECONOMIC TECHNIQUES 


Environmental valuation by economists is focused on how to place a monetary value on goods and 
bads arising from changes that take place within the natural environment and affect environmental 
quality or the available stocks of some natural resources, which impact on the utility or well-being of 
individuals. The total value of a change in environmental goods is considered to be the sum of the 
values of its effects on individuals, while different kinds of impact can be compared and some 
quantity of money can always act as a substitute for some quantity of an environmental good; and 
finally, environmental goods of equal value can be substituted for each other with no loss of welfare. 
In order to determine the Total Economic Value (TEV) of a resource, use values and non-use values 
need to be captured by valuation techniques [2]. Use values may be subdivided to actual use values 
and option values, with the former reflecting the benefits that result from the direct contact with the 
natural resource and the latter expressing a preference, ‘a willingness to pay’, for the preservation of 
an environmental asset against the probability that the individual will make use of it. On the contrary, 
non-use values or else existence values, correspond to those benefits that do not imply direct contact 
between the consumers and the good, and they derive from the knowledge that a particular good exists 
[3], [4]. Finally, the TEV of an environmental asset is obtained by summing up actual use value, 
option value and existence value. The economic techniques available for environmental valuation can 
be divided into three groups: conventional market approaches; constructed market approaches; and 
implicit market approaches. These groups are subdivided into actual behavior-based techniques, 
potential behavior-based techniques and other techniques. Conventional market approaches seek to 
establish a link between an environmental impact and some other good that already has a market 
value. Implicit market techniques assume that the behavior of individuals reveals implicit valuations 
of features of the environment: wages accepted to work in locations with different levels of 
environmental quality, prices or rents paid for properties that have particular levels of environmental 
amenities or costs associated with specific activities, such as recreational trips. In constructed market, 
the most widely approach used is the contingent valuation method (CVM), which uses a direct 
approach — some form of questionnaire — in order to ask people what they are willing to pay (WTP) 
for an environmental benefit or willing to accept (WTA) in compensation for a loss [5]. 


The CVM, used in the research presented in this paper, is especially used in environmental cost- 
benefit (CBA) and impact assessment (EIA). However, it is suggested that WTP is better than WTA 
and it should be used in CV studies, although in developing countries, EIA Studies deal with the 
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negative environmental effects of a proposed project and thus, WTA compensation is considered a 
more appropriate measure [6]. The popularity of the method may be attributed mainly to two factors: 
firstly, it does not require any great amount of data that is usually necessary for other techniques; and 
secondly, it can be applied in a great variety of goods and services, including use and non-use values. 
However, the CVM is not a panacea: the questionnaire response is not appropriate to the respondents 
who are ignorant of the object of preservation interest; respondents may not imagine the same product 
as questioners think they are offering; the scenario suggested for paying for the product (the ‘payment 
vehicle’) may not be believable; and finally, there may not be incentives for respondents to answer 
truthfully [7]. Thus, Carson et al. believe that the CVM survey results should not draw attention to 
the final economic result, by a direct economic interpretation, unless the environmental good that is 
valued, is clearly explained to the respondents, its delivery to the public is acceptable and a realistic 
scenario of payment is created [8]. Since the 1990s, the CVM has been widely implemented as a 
valuation tool for environmental goods and services e.g. the World Bank has commissioned CVM 
studies through its WASH (Water for Sanitation and Health) program to measure people’s WTP for 
water projects in developing countries. Valuations of benefits from air quality improvements have 
also been estimated using CVM; some argue that the CVM is particularly useful for valuing visibility 
improvements at national parks or assessing ecological benefits, such as preserving endangered 
species, where existence value is likely to be significant [4]. 


The accuracy of the CVM is not easy to define and a number of problems, known as systematic biases, 
appear leading to unreliable or inaccurate bids or responses [6]: 


e WTP seems to be the most appropriate measure for gainers and WTA the proper measure for 
losers, assuming that it is easy to identify gainers and losers, and consequently. 


e Strategic bias appears when the respondents on purpose misrepresent their true WTP or WTA, 
in order to manipulate the results of the survey, for example to generate high values. Several 
studies conclude that strategic bias is not a significant problem because it can be ameliorated 
by proper survey design. Sometimes respondents are not WTP for goods because they 
anticipate enjoying them without payment (the free-rider problem). 


e The final value obtained in a survey is strongly influenced by the form of questioning (design 
bias). The question posed could be a single closed-format question or it could be an iterative 
bidding process or a continuous open-ended bid. The final value is also influenced by the 
starting point bias when the interviewer suggests some amount of money. 


e The ‘vehicle’ or instrument of payment bias is referred to the form or method of payment by 
which the bids offered by respondents will be collected (e.g. changes in taxes, entrance fees, 
extra charges on bills, higher prices on goods, etc.). Studies show that WTP may be higher 
with payroll taxes compared with increased entrance fees. 


e The information bias refers to the level of information about the environmental good under 
evaluation, which is given to the respondents. Studies, such as Hoehn and Randall, reveal the 
strong relation between resource quality information and contingent values [9]. 


3. IMPLEMENTATION OF THE CVM IN SEICH-SOU ENVIRONMENTAL 
VALUATION 


3.1 The area of study 

The Seich-Sou suburban forest of Thessaloniki is located in the northeast of the city, sometimes 
adjacent to the urban limit (Figure 1), and it took its current form, as an artificial forest, in the 1930s, 
when a major reforestation project took place, mostly with pine trees, in an area of 3.000 hectares. 
Historical sources mention that from the establishment of Thessaloniki around the year 315 b.C. by 
Kassandros, king of Macedonia after Alexander the Great, rich forest areas existed all around today’s 
urban area; however, during the Byzantine Empire and the Ottoman Empire, the forest areas gradually 
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disappeared, as wood was needed for several purposes. And since the hilly area northeast of 
Thessaloniki includes many springs and streams, the reforestation project that started in the 1930s 
contributed also to the protection of the urban area from flooding. During the period of 1931-1953, 
around two million of small trees (90% of them were pine trees) were used for the reforestation 
project; simultaneously, the first flood defense projects were constructed. In 1973, by the Prefectural 
Decision 2193/9-10-1973, the area of Seich-Sou was declared as forest protection area. In the summer 
of 1997 a fire destroyed almost 55% of the total forest area, but nowadays, the signs show that the 
forest is recovering, while some more flood defense projects were constructed, in order to avoid soil 
erosion in the parts of the forest that were affected by the fire. The natural environment of the forest 
involves 277 species of flora, 18 species of fauna, 95 bird species and 21 species of reptiles. The 
surface water network comprises 17 small streams, with basins from 0.4 to 5.6 km? and mean slope 
of the basins from 8% to 16%. 
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Figure 1: The Seich-Sou is next to the city border, while part of the city by-pass was 
constructed inside the forest area (green and yellow colors express levels of altitude) 


The last 10 years, in the period of Hellenic economic crisis, many problems arose for the condition 
of the Seich-Sou suburban forest: increased possibility for fire, mostly due to many wastes, disposed 
all-round the forest area by irresponsible visitors, while wastes collection services were weakened; 
illegal wastewater disposal in few streams; illegal wood cutting for heating purposes; and finally, 
pine processionary caterpillars reflect a great danger for trees, as they form many nests, while there 
is almost no funding, in order to spray with appropriate airplanes. Therefore, there is an urgent need 
to find the necessary funds, so as to implement a program towards forest restoration and protection. 
As all these parameters are well-known to many citizens of Thessaloniki, it was an opportunity to 
conduct surveys and investigate on their WTP, in order to ameliorate the Seich-Sou and thus, relate 
this WTP to the value of the forest. 
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3.2 Questionnaire survey planning, design and implementation 

In order to conduct a questionnaire survey, there is a need to: define the aims of the survey and how 
the results will be used; design the necessary research methods and techniques; develop the survey 
instrument; select people to be approached (target groups); assemble the questionnaire package (how 
the survey questions look, the sections of the questionnaire and type of questions); conduct the survey; 
and, finally, process and report the survey results [10]. While constructing the questionnaire used in 
the survey, the following elements were considered: the shorter the questionnaire is, the higher the 
response rate; specific questions are better than general ones; and closed questions force people to 
choose among offered alternatives, instead of answering in their own words, but they are more 
specific and therefore, more apt to communicate the same frame of reference to all respondents. The 
contingent valuation scenario should be also short, realistic and simple. As mentioned by Converse 
and Presser, the two main advantages of specificity are a more precise communication of question 
intent and an aid for the respondent to recall [11]. To sum up with, closed questions produce answers 
that can be meaningfully compared as well as less variable answers, they are easier to be answered 
and finally, they produce answers that are easier to computerize, analyse and process. However, 
closed questions may also produce problems associated with recording responses, as the interviewer 
may record answers inaccurately or even neglect to read all of the response options [12]. The order 
of question sequence is also very important: the questionnaire must be attractive to the respondent, 
avoid putting ideas into the respondent’s mind early in the interview and the first questions seem to 
be crucial in order to “hook” the respondent into answering the survey. Apparently, the first questions 
should be intriguing (perhaps asking for an opinion on an interesting topic), easy to answer, general 
and impersonal [11, 13]. 


200 hundred interviews were conducted in June 2014, with 120 respondents that were visitors and 
were found and interviewed in the forest, and 80 respondents, inhabitants of Pefka, which is a suburb 
of Thessaloniki, a town of 13,000 inhabitants, the closest community to the Seich-Sou. The reason to 
conduct the survey also in Pefka was the available information that although this suburb is adjacent 
to the forest, the interaction between the forest and the urban area is poor. The respondents were 
asked questions related to their relation with the forest (how often they visit it, for which reasons, 
how much time they spend, their knowledge about the degradation problems facing the forest), their 
WTP in order to raise funding to support forest protection and restoration, and finally, some personal 
information, related to their annual income, their education level, their age, their profession, etc. The 
questionnaire involved 18 questions, all of them closed and semi-closed. 


3.3 The results of the survey 
The results of the CVM survey are presented in the following paragraphs, separately for visitors 
interviewed in the forest and inhabitants of Pefka suburban town: 


e 25% of Pefka inhabitants visit often the forest (more than seasonally often), while for the 
Seich-Sou visitors this percentage is more than triple, 85%. In total, 61% of all respondents 
visit the forest often. The main reasons for Pefka inhabitants for not visiting the forest often 
are “lack of free time” (27%), “forest degradation” (27%), “other choices” (25%) and “no 
combination to other activities” (10%). 


e The main reasons for visiting the forest by Pefka inhabitants are “recreational activities” 
(36%), “sports/cycling” (30%) and “walking” (28.3%), while for visitors interviewed in the 
forest the results reflect 28.3%, 13.3% and 41.7% respectively (in total 30.7%,18.5% and 
37.6% respectively). 


e The two target groups of the questionnaire survey responded to the most important problems 
that the forest was facing, leading to its degradation and the respondents replied “the absence 
of organized sites for recreation” (26% — 27%), “safety of the forest” (22% — 30%), “no 
maintenance of paths” (17% — 18%), “no organized sports facilities” (14% — 10%) and 
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3,75% 


“accessibility problems” (13% — 10%) — the first percentage in every parenthesis reflects 
results from Pefka residents and the second from visitors in the forest. 


The forest area is accessible to all respondents “on foot” (57%), “in car” (30%), “by bicycle” 
(8.4%), “by bike” (2.6) and “by bus” (2%), showing that many visitors live nearby the forest 
and when they live in a more distance, they travel in car, because there no buses serving 
effectively the several entrances to the forest. This is why 65% of total visitors of the forest 
travel up to 10 minutes to arrive to the forest, either on foot or in car. 


The average time spent in the forest is, for the inhabitants of Pefka, “less than an hour” (59%) 
or “2 — 3 hours” (41%), while for the visitors interviewed in the forest, “2 — 3 hours” (67.5%), 
“more than 3 hours” (20%) and “less than an hour” (12.5%). 


3,33% 


E every day 
E 2-3 times per week 


E 2-3 times per month E daily 


E seasonally (ofter) E 2-3 times per week 
li seasonally (rarely) 2-3 times per month 


seasonally (often) 


W never 


5,00% ld seasonally (rarely) 


Figures 4 & 5: The frequency of visit to the forest, by Pefka inhabitants and visitors of Seich- 


Sou 


The respondents were also asked to evaluate the benefits of Seich-Sou for Thessaloniki and 
its inhabitants. Pefka inhabitants recognize the following benefits from the most important to 
the less important: “flood protection”, “source of oxygen”, “better micro-climate”, 
“recreation/sports”, “landscape”, “tourism” and “educational/scientific benefits”. For the 


99 66 


visitors interviewed in the forest, “source of oxygen”, “recreation/sports”, “flood protection”, 


“landscape”, “better micro-climate”’, “educational/scientific benefits” and “tourism”. 

The respondents were asked to comment on the necessary projects for the forest protection 
and restoration. For the Pefka inhabitants from the most important to the less important, the 
projects are: “new recreation infrastructure”, “lighting”, “ensure safety”, “restoration of 
paths”, “construction of WC”, “wastes collection”, “provision of freshwater and electricity’, 
“more garbage bins” and “new sites for view appreciation”. For the respondents interviewed 
in the forest, “more garbage bins”, “restoration of paths”, “construction of WC”, “new 


393 66. bby 66. 


recreation infrastructure”, “new sites for view appreciation”, “provision of freshwater and 


99 66 99 66. 


electricity’, “ensure safety”, “wastes collection” and “lighting”. 


Results for socioeconomic characteristics of total respondents are presented in Tables 2 and 
3: 


Table 2: Age of the respondents 
The age of the respondents 


ee 
Ce ea I [as [ass [ses [eee 
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Table 3: Main profession of the respondents 
Main profession | Total | 


Employee in | Employee in 
Type 3 of the private the public pe Retired | Student | Other 
profession employed 
sector sector 


ea a ES 
responses 
30,0% 11,5% 23,0% | 20,5% 100% 


eO 4: Family annual income of the respondents 
Annual family income | Total | 


8.001- | 16.001- | 24.001- | 32.001- 
Classification of income | <8.000€ 16.000€ | 24.000€ | 32.000€ | 40.000€ cal 


wer e w Yo fw e 


The final and crucial question in the research was related to the WTP of the respondents, in order to 
enhance protection and restoration of the Seich-Sou forest. Out of the 200 respondents in total, 104 
were positive in financial contribution (52%), which is a typical percentage of positive response in 
many CVM studies. However, the positive response percentage is much different between Pefka 
inhabitants (37.5% - 30 positive answers out of 80 respondents) and respondents interviewed in the 
forest (61.7% - 74 positive answers out of 120 respondents), which was expected, since as already 
shown, Pefka inhabitants do not often visit the forest, do not spend so much time when they visit the 
forest, etc. The average WTP was calculated to 5.07 € for the 104 total positive respondents, with the 
average being 5.27 € for positive Pefka inhabitants and 4.99 € for positive respondents interviewed 
in the forest. The answers to the willingness-to-pay question are presented in the following Table 5 
and Figures 6 and 7: 


Table 5: The WTP bids for positive Pefka inhabitants, respondents interviewed in the forest 
and total respondents 
Willingness-to-pay bids 


Bome — [ae |se pee oe WE ET oe |_| 


Number of responses 12 1 1 4 
(Pefka) 


Number of responses | 38 16 1 9 2 2 6 14 
(forest) 

Percentage 51.4% | 21.6% | 1.4% | 12.2% | 2.7% | 2.7% | 8.0% 100% 
Total number of (positive) | 50 22 1 15 3 3 10 104 
responses 

Percentage 48.1% | 21.2% | 0.9% | 14.4% | 2.9% | 2.9% | 9.6% 100% 


1053 


Environmental law and economics 


45,00% --————_______———. 60,00% 
40,00% 
40,00% |p 51,35% 
50,00% 
35,00% 
30,00% 40,00% 
25,00% 
20,00% 20,00% 30,00% 
20,00% 21,62% 
15,00% 20,00% 
12,16% 
10,00% 
10,00% 
y 10 
5,0% 3,33% 135% 270% 2,70% 
0,00% 0,00% + T r, E _ 
2€ 5€ BE 10€ 20€ >20 2€ 5€ 8€ 10€ 20€ >20 
Figures 6 and 7: The WTP bids for positive Pefka inhabitants and respondents interviewed in 
the forest 


Furthermore, to those who were negative in WTP, responded for their reason of their denial: for Pefka 
inhabitants 53% of the respondents mentioned that public authorities / the state should protect the 
forest with economic funding from people’s taxes; 27.5% replied that they cannot afford it; and 17.7% 
do not trust public authorities with financial management and they are suspicious of using the money 
in the proper way for the forest protection and restoration. On the other hand, for respondents that 
were interviewed in the forest, 43.4% replied that public authorities / the state should protect the 
forest with economic funding from people’s taxes; 37.8% are suspicious on the effective financial 
management for the protection of the forest; and 17% replied that they cannot afford it. Finally, to 
those who were positive in WTP (total respondents), there was one more question about the 
appropriate vehicle of payment and they replied that the best would be if all Thessaloniki inhabitants 
become members of an environmental organization and pay a subscription there (64%), 20% believe 
that they should pay an extra amount to the local municipality, 10.7% by a new environmental tax 
and 4.9% of the respondents believe that people should buy tickets in the entrances of the forest. 


3.4 Discussion 

It is always a challenge in a WTP survey and research to conclude from the WTP bids that the results 
and answers are reliable or not and exclude unreliable questionnaires from the final results of the 
survey. Statistical analyses are not always the correct methodology, in order to investigate the issue 
of reliability and research on the biases mentioned in paragraph 2 of the current paper. Such biases 
are successfully dealt with the aid of some questions in the survey that are related on to each other; 
consequently, their results can be examined together and compared for their reliability. For this 
reason, in the present CVM survey, after the first results, further analysis was made, comparing results 
of WTP with other answers e.g. in socioeconomic and other questions. 


The WTP results are strongly correlated with the annual family income of the respondents. 30% of 
the respondents replied that their annual family income was 8,001 — 16,000 €, 25% was 16,001 — 
24,000 €, 14% was 24,001 — 32,000 €, etc. or 45% of the respondents replied 16,001 — 40,000 €, as 
seen in Figure 8. Calculating the WTP of each group of family annual income, one would expect that 
there is a certain ration between them, meaning that the more annual income is, the more could be the 
WTP bid. The results are shown in Figure 9, but since there were only four respondents with more 
than 40,000 € annual family income, these four questionnaires may be excluded from WTP results 
and then Figure 10 can show better the relation between WTP and family annual income. From Figure 
10 it may be concluded either that the average of 5 € for respondents with family annual income of 
16,001 — 24,000 € is higher than ‘expected’ (4.50 € approximately) or the average of 4.80 € for 
respondents with family income of 24,001 — 32,000 € is lower than ‘expected’ (5.40 € approximately). 
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6,00% 4,00% 


E <8.000€ 

E 8.001-16.000€ 
E 16.001-24.000€ 
E 24.001-32.000€ 
E 32.001-40.000€ 


E >40.000€ 


Figure 8: The annual family income of the respondents 


Further analysis, as shown in Figure 11, reveals that WTP results, according to family annual income 
of the respondents, are different for Pefka inhabitants than respondents interviewed in the forest. For 
Pefka inhabitants it seems that WTP results are quite reliable, as it is shown that there is a certain 
‘rational’ ratio between family annual income and WTP bids, except for respondents with annual 
income of 16,000 — 24,000 € (2.85 € WTP, while the ‘proper’ would be around 5.30 €). On the 
contrary, for respondents interviewed in the forest, it seems that WTP results may not correlate with 
family annual income, since all averages were calculated between 4.10 € and 4.60 €, while the average 
of 5.75 € for respondents with family annual income 16,001 — 24,000 € may be unreliable. Another 
possible explanation could be that replies of respondents interviewed in the forest, with family annual 
income of less than 16,000 € were more optimistic in WTP bids, as they are visitors of the forest, they 
really need to help financially with forest protection and restoration, and they also realize that the 
whole questionnaire survey is just theory and the WTP question is completely hypothetical. All these 
comments are based on the assumption that respondents are honest while answering about their family 
annual income. 


25,00€ + 6,00€ 5 
22,50€ 5,80€ 
20,00€ + sae 
15,00€ + A 
480€ 
10,00€ + 
' 4,50€ 4 
5,00€ + 417€ 
400€ 4 
0e 
0,00€ 
3,50€ 4 
Š gf gf gf gf Š 
S § § g g § 
bà KG AY “vr X ù 
S & N AY 3,00€ + r r r r i 
i Na X wv <B000€  8.001-16.000€ 16.001-24.000€ 24.001-32.000€ 32.001-40.000€ 


Figures 9 and 10: The WTP results, according to the family annual income (FAI) of the 
respondents, and again the results, after excluding the four respondents with FAI of more 
than 40,000 € 
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Figure 11: The WTP results, according to the family annual income of the respondents of 
Pefka inhabitants and respondents interviewed in the forest 


Comparing WTP averages, according to the educational status of the respondents, it seems that the 
more educated they are, the bigger is the WTP bid, which seems reasonable, since it could be 
generally stated that people with better educational status may have a bigger family annual income 
or they can realize better the usefulness of the Seich-Sou. Results are shown in Figure 12: the relation 
between WTP and education seems ‘linear’ for the first three groups, while WTP results become 
much higher for the respondents with postgraduate studies. 


7,50€ > 
7,16 
7,00€ 4 

6,50€ 4 
6,00€ 4 
5,50€ 4 
5,00€ + 5,08€ 
4,50€ 4 
4,21€ 
4,00€ 4 


3,50€ 4 41€ 


3,00€ + T T T 
9 years education High school University Postgraduate 


Figure 12: The WTP results, according to the educational status of the respondents 


Finally, the WTP results were correlated with the frequency of visits of the respondents, while it 
would be expected that the more often they visit the forest, the higher would be the WTP bid. In 
Figure 13 results are presented for all the respondents and it could be concluded that for daily visitors 
and seasonally often visitors one would expect higher WTP bids than the averages calculated. 


Looking at WTP results for Pefka inhabitants and the respondents interviewed in the forest, as 
presented in Figure 14, it seems that for Pefka inhabitants’ replies are more reliable, with the only 
exception of the average of ‘seasonally often’ visitors. On the other hand, WTP averages of the 
respondents interviewed in the forest seem that they are not in a linear relation with visit frequency. 
If it is assumed that often visitors were more honest, then the average of seasonally rarely visitors is 
higher than expected and the average of daily visitors is much lower than expected. 
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Figures 13 and 14: The WTP results, according to the visit frequency of all respondents, and 
again the results, separately for Pefka inhabitants and respondents interviewed in the forest. 


4. CONCLUSIONS 


The WTP questionnaire survey for the suburban forest of Thessaloniki — Seich-Sou — was a pilot 
survey, addressed to 200 respondents in total, 80 Pefka inhabitants and 120 respondents interviewed 
in the forest. WTP results were calculated and further analysis was made, correlating WTP averages 
with other parameters and more specifically, with the annual income of the respondents, the 
educational status and the visit frequency. In some cases, some WTP averages seem to lack reliability, 
but generally, the WTP survey overall could be characterized by success and reliability, especially if 
it is taken into consideration that the interviews were conducted with the aid of a postgraduate student 
of the Aristotle University of Thessaloniki who has none experience in surveys and the project was 
not funded. To summarize, the following comments may interpret some of the results of the survey: 


e The WTP question was quite vague, because it did not clarify if the WTP bid was monthly, 
yearly or just once, because of an emergency situation, related to lack of funding by the Region 
of Central Macedonia, in order to support protection and restoration of the forest Seich-Sou. 
A vague WTP question may lead to higher WTP bids and higher averages. On the other hand, 
this might be one reason why daily and seasonally often visitors are willing to pay less than 
other categories of respondents, because they may have understood that they would pay every 
time they visit the forest. 


e The WTP question did not mention any specific ‘vehicle of payment’ e.g. an increase in the 
municipal taxes paid through the electricity power bill, and this absence make the interviewers 
think of the WTP question as completely hypothetical and so for this reason again, their 
answers may result in higher WTP bids than they were really willing to pay. 


e Pefka inhabitants were not so positive to support financially the forest for its protection and 
restoration, because as it had been already known, the access from the town of Pefka to the 
forest was very difficult and still is, consequently, they are not so often visitors and this is 
why the positive response percentage for WTP was 37.5% for them and 61.7% for respondents 
interviewed in the forest. 


e The WTP survey was conducted in the middle of 2014, with Hellas being for the fifth year in 
economic crisis, with many families losing even more than 50% of their annual income, and 
with a high percentage of unemployment, almost 30%, rising to 50% for young people at the 
age of 25 — 35 years old. 
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e Finally, if the WTP survey was to be repeated, it would be better to focus only on respondents 
interviewed in the forest and not to any Pefka inhabitants, as they seem not to have a strong 
relation to the forest, which is adjacent to the suburban town, but with not an easy access. And 
the WTP question would be more specific referring to the ‘vehicle of payment’ and the 
frequency of payment e.g. monthly, yearly, occasionally, etc. 
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Abstract 

The preservation/restoration of natural environment is usually entailing high cost mostly paid by 
citizens through taxes. The effect of these taxes is double. The direct effect is the obvious additional 
income for the State, and the indirect effect is an additional income for the citizen, due to increasing 
tourism. Since the evaluation of this good cannot be in market terms, we apply a modified Contingent 
Valuation Method (CVM), which is part of Experimental Economics, in order to find out the order 
of concern that people have about natural environment. We also, try to investigate their willingness 
to pay (WTP) for supporting activities for preservation/restoration of three lakes in Northern Greece, 
in particular, lake of Ioannina, lake of Florina and lake of Kastoria. For the purpose of this research, 
we use parametric and non-parametric approaches, as well as Linear Regression and Logic Models. 


Keywords: Valuation Method (CVM), Natural Environment, Willingness to pay (WTP), Logit 
Model, Linear Regression, Parametric and Non-Parametric Approaches. 


1. INTRODUCTION 


Wetlands —and especially lakes— are the most productive ecosystems in the world. They support 
plenty of ecological activities and important natural habitats. These ecological activities translate 
strictly into economic functions and services such as flood protection, water supply, improved water 
quality, commercial and recreational fishing and hunting (Barbier et al., 1997; Woodward and Wui, 
2001; Brouwer et al., 1999; Brander et al., 2006).Although, it is a common knowledge that the 
multiple role of wetlands is usually biased towards the economics benefit from commercial use and 
exploitation. Usually, the natural benefits of wetlands are underestimated, and the order of 
exploitation is so high that leads to the extensive degradation (Fog &Lampio, 1982). Despite the 
uncertainty in total area of wetlands around the world, there are some figures indicating the 
importance of the problem. In Europe, 50% to 60% of wetlands have been lost in past century due 
to the human intervention, while the United States have lost 54% of its original wetlands (Barbier et 
al., 1997). The accelerated rate of wetlands loss was a great alarm for many countries and scientists 
around the world to take care of the situation. In 1971, more than100 countries created the Ramsar 
Convention of Wetlands of International Importance, providing the first step for a greater 
international cooperation about the protection and the “wise use” of wetlands and their resources 
(Ramsar, 1996). The increasing number of valuation studies on environmental sector contributes 
evidence about the importance of wetlands. Kazmierczak (2001) and Boyer and Polasky (2004) 
provide a variety of studies which include many valuation methods, such as Contingent Valuation 
Method (CVM), replacement value method etc. Woodward and Wui (2001) use 39 wetlands 
valuation studies to create a meta-analysis using CV method. Brouwer et al. (1999) also created a 
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meta-analysis of 30 CV applications. A few years later, Brander et al. (2006) made a meta-analysis 
using 190 wetlands valuation studies. 


Despite the fact that there is a great international scientific concern about the restoration and 
protection of wetlands, in Greece there are only a few studies. Kontogianni et al. (2001) used CVM 
to evaluate stakeholders’ preferences among four possible hypothetical scenarios for a wetland in 
Lesvos Island. Another CV research by Psychoudakis et al. (2005) estimates the use values of 
ecological functions of Zazari-Cheimadidita wetland. In present study, we are using CVM to valuate 
three wetlands in Greece. In particular, we are investigating the willingness to pay (WTP) of local 
citizens to preservation/restoration of three lakes in Northern Greece, lake of Ioannina (lake 
Pamvotida), lake of Kastoria (lake Orestiada) and lake of Florina (lake Cheimaditida). This research 
is organized in five sections. The first section is the introduction and previous relative works. In 
section 2, we present some information about each lake, which leads us to this research. In section 3, 
we present the data and the empirical analysis of the research. Last but not least, in section 4 there 
are the conclusions, while the bibliography takes place in section 5. 


2. KNOWING THE LAKES 


2.1 Lake of Florina (Lake Cheimaditida) 

Cheimaditida is a lake of northern Greece, located 40km south of the prefecture of Florina. It is one 
of the lakes formed among the mountains of Verno, Voras, Askio and Vermio. Among these 
mountains, there are some more wetlands, like Lake Vegoritida, Lake Zazari etc. Cheimaditida’s 
surface is around 10.8 squared km, its maximum length is 6.3km and it is located in an altitude of 
593m. Its average depth is 1 meter and the maximum is 2.5m. The water quality of Lake 
Cheimaditida is affected by household waste of the adjacent nine communities. Apart from this 
pollution, the quality of lake water is affected by livestock waste from animals, which are breeding 
around. However, the critical pollution factor is the excessive use of fertilizers and pesticides in crops, 
which end up in lake through ground dismantling. The level of Lake Cheimaditida has been 
dramatically reduced in recent decades, mainly due to irrigation, with adverse effects on the flora and 
fauna of the area. The Greek Biotope-Wetlands Center investigated the concern of local citizens 
(farmers, fishermen and local authorities) about the problem. The results declared the willingness of 
the citizens to pay for the restoration of the lake. 


2.2 Lake of Kastoria (Lake Orestiada) 

Lake of Kastoria, Orestiada, is located in Western Macedonia in western part of Kastoria Prefecture, 
northeast, east and southeast of the town of Kastoria and between the aerias of Verno, Aschi, Korissos 
and Vigla. Orestiada’s surface is around 28 squared km and located at an altitude of 630m. 
Orestiada’s average depth is around 3.5 meters and the maximum depth is 9.5 meters. The coast 
length is about 31km. The water of the lake comes mainly from streams. In the area, there are nine 
streams leading to the lake. The largest of these is the stream of Xiropotamos. In addition to streams, 
rain water and snowfall, Lake Orestiada is also fed by many lush springs. Orestiada is an urban lake 
with intense human activity over the last decades, due to the threat of ecological balance of the area 
which is polluted by urban waste water, sewage effluents, fertilizers and solid waste. In Orestiada, 
the eutrophication phenomenon is intense, with all its negative effects on the quality of its water. The 
water of the lake, as the ultimate recipient of all natural processes, as well as the human activities, is 
constantly receiving loads of nutrients and other components and, in particular, phosphorus charges. 
According to results of a study which took place in lake of Kastoria (Mantzafleri et al., 2009), when 
the lake freezes perhaps every year, there is a decrease in oxygen and in the summer an increase in 
pollution due to agricultural activities. 


2.3 Lake of Ioannina (Lake Pamvotida) 
Lake of Ioannina, Lake Pamvotida, is located in the north-western part of Greece at an altitude of 
470 meters above the sea level and is perhaps one of the rare cases, where a lake has been connected 
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so much to the history and like of a city, Ioannina. The lake is 7.5km long, 1,5 — 5 km wide, has 
average depth 4 — 5meters, maximum depth 11 meters and surface around 22.8 squared km. It is 
surrounded by the Mitsikeli and Tomaros mountains and it is formed by water of three main springs. 
The drainage of the water takes place through the Lapista ditch and flows from the river Kalamas. 
The pollution of the natural environment of Lake Pamvotida and mainly of the lake’s waterderives 
from human activities related to the city of Ioannina, small and large communities and residential 
areas located around, as well as the industrial output. The main source of pollution of the lake is urban 
and industrial waste water, as well as the waste of a large number of poultry farms, pig farms and 
cheese dairies in the area, many of which are illegal. Around 75%of the output of these farms is 
transferred indirectly to the lake resulting a crucial pollution to the water. 


3. DATA AND EMPIRICAL RESULTS 


3.1 Data 

In order to investigate the willingness to pay (WTP) of the citizens around each lake, we collected 
three random samples from each town (Ioannina, Florina, Kastoria) and we asked them to complete 
some questionnaires. We collected 60 questionnaires from citizens of Florina, 90 questionnaires from 
citizens of Ioannina and 80 questionnaires from citizens of Kastoria. The main question we asked on 
each interviewee is the amount of money that he/she is willing to pay per month in order to restore 
the lake of his/her town. We also asked their opinion about the lake and their living distance from the 
lake. A list of variables which were tested is the following. 


Table 1: List of Variables 


X,: Visiting the lake 


X2: Way of information about the lake condition 
X3: Ecological condition of the lake 

X,4: Main problem of the lake 

Xs: Reason of the ecological problem 

Xe: Authorities’ concern about the lake 

X7: Membership of an ecological organization 

Xg: Local authorities participation every 100 euro 
Xo: People participation every 100 euro 

X19: | What do you wish to be done? 

X11: Willingness to pay for the restoration (WTP) 
X42: Willingness to pay for the restoration if you were living next to the lake (WTP1) 
X13: | What do you want to restore first? 

X44: Amount of money that you would accept in order not to restore the lake (WTA) 
X15: Industries 

X16: Gender 

X17: Age 

Xig: Living 

X19: Heritage close to the lake 

X29: Working around the lake 

X21: Distance from the lake 

X22: Working condition 

X23: Work relative to the lake 

X24: Marital status 

X25: | Members of the family 

X26: Education level 

X27: Income according to citizen in Northern Greece 
X28: Income according to citizen of the town 
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The above table shows the variables of the model. In this model, the WTA is the dependent variable 
and the others are independent variables. So, the WTA is estimated as a function of all these variables. 


3.2 Empirical Results 
In the first part of the analysis we present some descriptive statistics about citizens’ willing to pay in 


each town. In Table1, we present the descriptive statistics for WTP. 


Table 2: Descriptive Statistic for WTP of the citizens of each town 


Mean Standard Deviation Range Min Max 
Ioannina 1.99 0.772 
Kastoria 13.16 11.221 50 
Florina 8.22 12.356 50 


On the one hand, descriptive statistics provide evidence that citizens of Kastoria are willing to pay 
more for the restoration of the lake. On the other hand, citizens of Ioannina are willing to pay far less 
for the restoration of their lake. 


In the next part of the analysis we estimate a linear regression model with dependent variable X411 
(WTP). One of the main supposes of linear regression is the absence of multi-collinearity between 
the independent variables. In order to examine the existence or absence of multi-collinearity we 
estimate a Variance Inflation Factor (VIF) test in SPSS. From this test we observe that X,7 and 
X>zhave VIF-value higher than. In order to solve this problem, we choose to exclude X,7 from the 
model. Then we estimate the linear model with remain variables for each lake and the results can be 
observed in Table 3. 


Table 3: Linear Regression Model for each lake 


Town Linear Regression Model 
Ioannina X41 = 0.195 * X4 + 0.349 * Xs — 0.174 * Xio — 0.595 * X12 
Kastoria X4; = 1.164 — 0.279 * Xo + 0.82 * X12 — 0.147 * X14 — 0.173 * Xio + 0.113 * X328 
Florina X41 = 0.743 + 0.222 * X; — 0.322 * Xo + 0.581 * X12 — 0.174 * X40 


Note 1: The coefficients which were not statistically significant are excluded from the models. 
Note 2: Coefficients were examined in 5% level of significance. 


Table 3 provides evidence that only few variables can affect the WTP of the local citizens. Some 
variable were found statistical significant in every model and some variables only in one model. This 
happens because every area in Greece has its own particularities. In the next step of the analysis, we 
made a Variance analysis (ANOVA) of each model, in order to examine if there is a good adaptation 
of the theoretical model. The results of each model are presented in Table 4 below. 


Table 4: ANOVA for every model of each town 


Town Model Pumpi Df Mean F statistic Sig 
Squares Square 
Regression 36.408 19 1.916 19.851 0.000* 
Kastoria Residual 5.792 60 0.097 
Total 42.200 79 
Regression 39.670 25 1.587 7.625 0.000* 
Ioannina Residual 13.319 64 0.208 
Total 52.989 89 
Regression 39.421 19 2.075 4.762 0.000* 
Florina Residual 17.429 40 0.436 
Total 56.850 59 
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As it is observed in the last column of table 4 the p —value of F —statistic in each model in lower 
than 0.05, which means that all models have good adaptation to the theoretical model. This is 
powerful evidence that our research is steady and our results are valid. The R? factors for Kastoria, 
Ioannina and Florina are 0.863, 0.789 and 0.765 respectively. 


In the last step of analysis is the estimation of a logit model for every model (one for each lake). First, 
we estimate the fitting of each model by the logit fitting information test, the results of which are 
presented in Table. 


Table 5: Logit Model Fitting Information 


—2Log é . 
Town Model Likelihood Chi-square Df Sig 
Intercept 
Kastoria Only Lopa 
Final 0.000 175.049 19 0.000* 
Intercept 
Ioannina Only 12308 
Final 76.177 123.174 24 0.000* 
Intercept 
Florina Only eee 
Final 78.925 73.228 19 0.000* 


As it is observed in the last column of the table 5 the fit of the models are statistically significant 
while the p —value of all three tests is lower than 0.05, which means that the results of the logit 
estimation will be valid. In any case the binary dependent variable is WTA. 


In Table 6 below, we can see the results of the logit model (we show only the statistically significant 
variables). The provided model is a function of nonlinear regression analysis. Especially it is used the 
Logit model which is located in logistic models of regression analysis. In this model the dependent 
variable is the WTA and all the others are independent. 


Table 6: Logit estimation result 


Town Variable affect WTP (sign) 
Kastoria X12(+),X13(+), X14(-), X19(4+) 
Ioannina Xı (-), X4 (+), X6(+), Xio), X12 (+); X15 (+) 

Florina Xio), X12(+), X240) 


According to Table 6, we can say for example for Kastoria, that if the citizens live next to the 
lake(X12), the possibility to pay is higher, while the same possibility is also higher if the citizens have 
heritage next to the lake (X19). On the other hand, the possibility to pay is lower if a good amount of 
money is offered to them in order to ignore the degradation of the lake (X14). Similar results are 
excluded for each town. 


4. CONCLUSION 


According to the results of the empirical analysis we can separate the conclusion in three different 
sections, each for every lake. About the lake of Kastoria, Orestiada, we found that the citizens are 
able to play higher amount of money for the restoration of the lake, while they believe that the 
protection of the lake is a crucial subject. The same willingness to pay is increased if the citizen lives 
close to the lake, if the amount of money that would get as compensation is decreased, if he/she has 
heritage next to the lake and if his/her income is higher than the average of the local community. 
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About the lake of Ioannina, Pamvotida, we found that a citizen’s willingness to pay is increased if 
he/she visits the lake very often, if he/she believes that the appearance of the lake is awful, if he/she 
thinks that the local authorities are not able to take care of the problem and if he/she lives close to the 
lake. 


Finally, about the lake of Florina, Cheimaditida, we also found that a citizen’s volition to pay for the 
preservation/restoration of the lake is increased, while the ecological condition of the lake is really 
bad. The same willingness to pay is also increased if the citizen lives close to the lake and if the 
citizen is married. 


According to the results above, we cannot ignore the fact that those three important wetlands of 
Greece are degraded. Citizens who live next to those lakes declare to pay higher in order to restore 
the lake. This is evidence about the condition around these lakes. It is important to mention that there 
are different parameters that affect the citizens’ willingness to pay in every town. This is a normal 
fact because of the very different situation and living conditions in every town resulting to different 
requirements of local people. Last but not least, is the social dimension which appears in Florina, 
because if the citizen declares “married”, is willing to pay higher in order to restore the lake. It is 
probably a future concern because he/she wants his/her children to grow up in more healthy and 
beautiful environment. This study is about three big wetlands of Greece. It should be a part of a 
greater project about environmental protection which has to be supported by every single citizen and 
all authorities because the environmental pollution may lead to the human extinction. 
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Abstract 


The waterfront of Thessaloniki in northern Greece is one of the essential features of the city and 
consists of two parts the old and the new waterfront. It is a reference point for the city and the 
residents’ favorite leisure area, especially during the summer months. In this paper is presented an 
estimation of the social benefits derived from the potential construction of a pier at the waterfront of 
Thessaloniki, by the Contingent Valuation Method (CVM). According to the CVM framework, 
personal interviews were conducted on a representative sample of Thessaloniki residents. The 
questionnaires included questions about the demographics of the respondents and their opinion about 
the proposed project, while the citizens’ willingness to pay for the maintenance of the project was 
extracted through a dichotomous choice question. Finally, the statistical analysis of the sample data 
and the reduction of the results in the overall population lead to an estimate of the total value of the 
project and its contribution to the welfare of the city residents. Finally, a cost-benefit analysis was 
carried out to highlight the importance of the project to the welfare of the residents of Thessaloniki. 


Keywords: Contingent Valuation method, Cost benefit analysis, Thessaloniki 
1. INTRODUCTION 


Thessaloniki is a city of around 1,000,000 inhabitants, which is located in northern Greece and is the 
second largest Greek city. One of the essential features of the city is the waterfront, which consists of 
two parts the old, and the new waterfront. It is a reference point for the city and its inhabitants, and a 
place where most of the city residents prefer as a recreational area, especially during the summer 
months. The waterfront of Thessaloniki is one of the largest urban waterfronts worldwide that can be 
accessed throughout its length by feet. 


The recent reconstruction projects on Thessaloniki's coastal front have made it even more attractive, 
offering city residents who visit it many leisure opportunities. Visitors of the waterfront can either 
enjoy the sun and the sea in one of the thematic parks along the shore or spend time with activities 
such as walking, running and cycling. However, there are many who claim that the form of the 
waterfront keeps the man away from the sea. So, additions, which bring the visitors of the waterfront 
closer to the sea, should be made. With this reasoning, the present study examines whether the citizens 
of Thessaloniki agree with this idea, and then assesses the social benefit that will derive from the 
addition of a pier to the coastal front. The purpose of the new pier would be to give visitors of the 
coastal front the opportunity to walk on it and thus get closer to the sea. The assessment of the social 
benefit expected from the construction of the pier is achieved by carrying out a contingent valuation 
survey. 
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Contingent valuation is a well-known method that is used for the valuation of goods that are not 
subject to financial transactions (Mitchell and Carson, 1989). Such goods are water, air quality, etc. 
On the other hand, examples of implementation of the method to projects concerning the quality of 
the urban environment as the one discussed in this paper can be found in works such as those in Jim 
and Chen (2011) and Latinopoulos et. al. (2016). To close, the evaluation of the project is 
accomplished, with a cost - benefit analysis, which compares the social benefit resulting from the 
contingent valuation method with the indicative construction budget. In particular, cost benefit 
analysis is carried out in terms of economic analysis. The economic analysis appraises the project 
contribution to the welfare of the region or the country. It is made on behalf of the whole society 
(region or country) instead of just the owner of the infrastructure like in the financial analysis. 


2. MATERIALS AND METHODS 


2.1 General description of the pier 

The proposed pier will be extended 80m from the coast and it will reach 5.5m in depth. This will 
consist of a vertical bent curve front 50m in length and 8m in width, two “fins” left and right of the 
platform 4m and 7m respectively and two rounded squares at the end of the platform 20m and 30m 
in diameter. The squares will be constructed at different levels with slope 10% and will have 
vegetation, benches, metal sunshades and equipment as shown in picture 1. 


Picture 1: The proposed Pier - View from above 


2.2 The survey questionnaire 

The Contingent Valuation Method (CVM) is a well-known and very popular valuation technique. It 
is used to elicit the value people ascribe to non-marketable environmental goods and services 
(Mitchell and Carson, 1989). The method is applied by conducting a questionnaire survey. The 
questionnaire describes a hypothetical market where the environmental goods under consideration 
are being traded. In the context of the survey, a random sample of people are asked to state their 
maximum willingness to pay (WTP) (or their maximum willingness to accept compensation - WTA) 
for a hypothetical change in the level of supply of the environmental goods or services being studied. 
The analysis of the data obtained from the survey sample leads to the assessment of the value of this 
change (Carson et al., 2003; Mitchell and Carson, 1989). 
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Following the CVM framework the questionnaire formed for the survey presented here, consists of 
twenty questions in total, divided into three sections. The first section, consisting of seven questions 
related to the respondents demographic characteristics (sex, age, education level, etc.). The second 
section consists of nine questions and concerns the respondent’s attitude about the environment good 
in question, e.g. the activities the respondents prefer when they visit the waterfront (biking, walking, 
etc.) and their opinion about the proposed project on the waterfront of Thessaloniki, in general. 
Following the above two sections, respondents were introduced all information regarding the 
proposed project about the construction of a pier at the waterfront of Thessaloniki. Then, each 
respondent had to answer the questions of the third section. At first, the respondents were asked if 
they find the proposal useful and if they agree with this project. If their answer was negative, they 
had to explain their refusal, but if their answer was positive, they were explained that to allow the 
construction and the maintenance of the pier, there should be an increase in municipal taxes they 
already pay. This kind of question is introduced here in order to identify those who have indifference 
for the project and therefore a zero WTP. According to the scenario of the hypothetical market, 
respondents should express agreement or disagreement about the proposed increase in taxes, which 
will be paid through the electricity bill every two months. This issue was described as payment 
principle by Kontogianni et al. (2001). Negative respondents to the payment principle question were 
next asked to explain their attitude. On the other hand, those who agreed with the tax increase were 
asked a dichotomous choice question (or a close-ended format question). The question was if they 
were willing to pay or not a certain amount (bid) of increase on the taxes per electricity bill, for the 
construction and the maintenance of the proposed project. This particular elicitation format (payment 
vehicle) was chosen because, as it is suggested by the CVM literature (Arrow et al., 1993; Bateman 
and Turner, 1993), it has to be a realistic way of payment, familiar and acceptable by the respondents. 
The initial bid values were randomly selected from the following five bid levels, €1, €2, €5, €7 and 
€10 per bill, and they were almost uniformly distributed across the sample. 


This structure of the questionnaire, and especially the precedence given to the question about 
respondents agreement with the project and, the payment principle question, was chosen to face the 
frequent problem of biases introduced in the estimation of central tendency measures of WTP 
(Kontogianni et al., 2001). These biases are mainly related to a large proportion of respondents in the 
sample who give a negative response when answering dichotomous valuation choice questions. The 
reasons leading to such answers can be one or more of the following: aversion or indifference to the 
good, inclination for a free riding access to it, inability to pay the proposed or any amount at all, 
disagreement with the proposed institutional setting, adverse reaction to the interview in general, or 
in particular to the payment vehicle adopted etc. (Kontogianni et al., 2001). In our case, we expected 
that some respondents could express indifference, since it is possible that many people will not find 
useful and will not agree with the construction of the proposed pier and its maintenance. The question 
that arises at this point is on how to confront this issue. In the literature, there is a big debate and there 
have been many different approaches such as those proposed by Haab and McConnell (1997), 
Kristrom (1997), and Reiser and Shechter (1999). All approaches aim to recognize the two different 
categories of people who do not accept the payment principle question. In any case, researches try to 
identify protest respondents and exclude them from the sample; this is why debriefing questions exist 
in all CVM questionnaires. In this paper, we follow the approach of Reiser and Shechter (1999) 
because of its simplicity. We examine how the mean and the median WTP are affected by the different 
treatment of those who gave a negative answer to the payment principle question. 


2.3 Logistic Regression 

In most CVM surveys, the dichotomous choice format is used for the elicitation of the respondents 
WTP. The expressed WTP in this case is not a monetary value but a “yes” or “no” to a proposed 
“bid”. Consequently, this type of responses form a binary depended variable and, the WTP value can 
be obtained by introducing a statistical model that links the dependent variable to the monetary 
amounts which people are asked to pay in the survey (the “bid” values). Notably the most commonly 
used distribution function in the analysis of a binary dependent variable is the logistic distribution 
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(Hosmer and Lemeshow, 2000). Logistic regression is used in this case in order to form a model that 
describes the relation between the dependent binary variable and all other independent variables. The 
logistic function that is implemented to perform such an analysis 1s: 

g(x) 1 
zx) = 


Tre pe i 
where z(xi) is the expected value of the outcome variable, given a set of k explanatory variables x;. 
The logistic function is useful because it can take an input with any value from negative to positive 
infinity, whereas the output always takes values between zero and one and hence is interpretable as a 
probability. As in our case k > 1 (i.e. more than one explanatory variables) the above relation describes 
a multiple logistic function, the inverse of the logistic function or logit transformation is defined as: 


sosm ZA ons so Bs (2) 


1-2(x,) 


The logit, g(x), is linear in its parameters and continuous. Fitting the logistic regression model to a 
set of data - like those obtained from CVM surveys - requires the estimation of the values of the 
unknown coefficients Bo which is the constant term, Bı which is the coefficient of the “bid” variable 
and the rest of B;’s, which relate to the corresponding specific variables of the model. The application 
of the maximum likelihood method is the best approach to yield the values of the unknown parameters 
(Hosmer and Lemeshow, 2000). The corresponding likelihood function of the logit transformation is: 


IGE y [i-r(x)]” (3) 


where y; is the response of the i-th individual to the valuation question. After estimating the unknown 
coefficients, the logistic regression model can be utilized for the estimation of the central tendency 
measures of WTP. In the subsequent analysis we have used the following formulas to estimate the 
mean and the median WTP (Ekstrand and Loomis, 1998; Hanemann, 1984). 


In| 1+ Z| 
MeanwWTP = ———_—= (4) 
| B, | 
. By 
MedianWTP = — (5) 
| B, | 


For the current analysis, Bı is the estimate of the bid amount coefficient and Bo is the sum of the 
estimated constant plus the sum of the products of the mean of each variable in the model times their 
coefficients. 


On the other hand, Reiser and Shechter (1999) assumed that the population of interest could be 
considered to be composed of two sub-populations. One sub-population is simply not willing to pay 
at all for the good in question, while the other sub-population is willing to pay and has a continuous 
WTP distribution. In this case, the corresponding likelihood function for the analysis takes the 
following form (Reiser and Shechter, 1999): 


I pf = vf Il n(x, fi = n(x, yr? (6) 


1,5;=1 


where p denotes the probability that an individual chosen at random has zero WTP and S; is the 
response of the i-th individual to the payment principle question, z(x;) is the expected value of the 
outcome variable, given a set of k explanatory variables x;, and y; is the response of the i-th individual 
to the valuation question. The likelihood function of equation 6 breaks up into two separate parts: 


Il p* 1 — pf (Ta) 
1 
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[lre i-re (7b) 


1,8, =1 

Equations 7a and 7b are actually two logistic regression models, so the mean value of eq.7a can be 
estimated by the following equations: 

Logit p; =A) +a,X,+...+4,X,, (8a) 


n->'S, 
i=l 


n 


p= (8b) 


Equation 8b is actually the mean value of the payment principle question. In other words, it is the 
observed percentage of respondents, who refused to pay anything for the construction of the proposed 
pier. It follows that the mean and median WTP for this setting is the product of (1 — p) times the 
outcomes of equations 4 and 5 respectively. 


2.4 Cost Benefit Analysis 

Cost benefit analysis is defined as a systematic process for calculating and comparing benefits and 
costs of a decision, a policy or a project in general. A cost benefit analysis aims at a conclusion about 
the liability of a proposed investment, by examining the values of three major indicators, Net Present 
Value (NPV), Internal Rate of Return (IRR) and the Benefit - Cost Ratio (European Commission, 
2014). In this study due to lack of space, the analysis is limited to the assessment of one of these 
indicators, the net present value. 


Net present value is the difference between the present value of the projects’ cash inflows and the 
present value of the projects’ cash outflows as they are estimated for the needs of the analysis. NPV 
is one of the measures used in capital budgeting to analyze the profitability of an investment. NPV 
compares the values of a monetary unit received or spend today to the value of that same monetary 
unit received or spend in the future, taking inflation and returns into account. The net present value 
of an investment is given by the following equation: 

X NB 
NPV =-C, +9} 

=I (1 + r) 
Where, Co, is the construction cost of the project in question, NB;, is the net benefits of the year t, r, 
is the discount rate, and N, is the project’s life cycle in years. Positive NPVs indicate feasible 
investments, while negative ones imply non-acceptable investments. For projects related to the 
government policy as the one described in the current study, net benefits for year t are given as: 
NB, = SB, + B,- OM, (10) 


(9) 


where, SB; is the estimated social benefit of year t, B;, is the income of the year t, OM;, is the operation 
and maintenance cost of the year t. According to the European Commissions’, guide to Cost-Benefit 
analysis of investment projects the discount rate and the project life cycle of such projects are defined 
to 6% and 30 years respectively (European Commission, 2014). 


3. RESULTS AND DISCUSSION 


3.1 Survey design and data 

The survey was conducted in the spring of 2017 in the city of Thessaloniki. Using the random 
sampling method 350 questionnaires were filled in by in-person contingent valuation interviews. Of 
all the questions that respondents had to answer during the interview, a set of explanatory variables 
was formed and used for the estimation of the logistic regression models. Table 1 presents the 
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variables that turned out to be significant in any of the models presented below, plus their descriptive 
statistics, which were calculated for the whole sample of 350 respondents. Of all the respondents, 336 
(96%) agreed with the construction of the pier and only 14 (4%) denied. In addition, 203 respondents 
(58%) answered “yes” to the payment principle question, meaning that most of the respondents are 
willing to accept higher taxes for the construction and the maintenance of the project. On the other 
hand, the remaining 133 (38%) respondents that agreed with the proposal, refused to accept higher 
taxes for this purpose. They justified their response as follows: a) 45 (33.8%) because they are not 
able to pay more taxes; b) 66 (49.6%) because they believe that the construction and the maintenance 
of the pier is a state’s obligation; c) 4 (3.0%) because they are not willing to pay if they do not use 
the pier; d) 18 (13.5%) because they believe that the taxes that they already pay are enough for the 
construction and the maintenance of the project. 


In Table 1, the descriptive statistics of the variables reveal some interesting information about the 
sample. First, it is impressive that the great majority (96%) of the respondents agree with the proposed 
project, but those who are willing to pay something for the project are much less. Most of the 
respondents believe that the proposed project will be a significant aesthetic upgrade for the waterfront 
of Thessaloniki, and it will offer new recreational activities to its visitors. Most of the respondents 
were between 21-30 years old while most of them were university graduates. The average value of 
the “Income” variable is 2.37 meaning that the respondents average monthly income is between 400 
and 600 €/month. 


Table 1: Variables description and descriptive statistics 


Variable name Variable description Mean Std. 
Dev. 

WTP Willingness to pay a certain amount (0 = no, 1 =yes) 041 049 
Construction Agreement to the construction of the pier (0=no, 1=yes) 0.96 0.20 
Bid Proposed bid (1€, 2€, 5€, 7€, 10€) 5.00 3.29 
P.Princ Payment principle question (0 = no, 1 = yes) 0.58 0.49 
Income Respondents monthly family income: 1 = <400 €/mon, 2 = 401 2.37 1.73 


- 600 €/mon, 3 = 601 - 800 €/mon, 4 = 801 - 1000 €/mon, 5 = 
1001 - 2000 €/mon, 6 = >2001 €/mon 


Winter Frequency of respondents visits to the waterfront in winter 468 5.01 

New activities Rating of the contribution of the pier in new activities (0-5) 3.69 1.10 

Aesthetic Rating of the contribution of the pier in aesthetic upgrade of the 3.93 1.12 

upgrade waterfront (0-5) 

Age group Age of respondents in year groups 2.74 1.35 
(1 = 16-20, 2 = 21-30, 3 = 31-40, 4 = 41-50, 5 = 51-60, 6= >60) 

Walk Frequency of the respondents walking during a week 2.54 2.06 

Tourism Rating of the contribution of the pier in the development of 3.79 1.07 
tourism 

Education Education Level (1=primary school, 2= secondary school, etc.) 3.77 0.73 


It worth to mention that the pretty big percentage of younger ages in combination of the economic 
crisis that our country is suffering from, is the main reason for the very low average income of the 
participants. Finally, the high participation rate of younger ages is due to their greater desire to 
participate in the survey in relation to older ages. 
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3.2 Models and results 

Three separate models were estimated for the analysis of the data collected from the questionnaire 
survey. The first model examines the relation between the answer that the 350 respondents gave to 
the payment principle question and their personal characteristics. Table 2 presents the results of the 
logistic regression for this model. The variables that turned out to be significant and included in the 
model are presented together with the values of the estimated coefficients, the relevant standard 
errors, the Wald statistic and the corresponding significance level. Parameters that assess the 
performance of the models are also included in the table. The performance statistics of this model 
indicate that the goodness of fit of this model is quite low. The obvious explanation for this result is 
that the agreement or not of the respondents to the imposition of the proposed tax depends on a 
parameter that was not detected and was not included in this survey. 


Table 2: Estimated parameters of the model for the payment principle question 


‘Variablename >) = B — SE. Wald Sg  ExpB) | 
‘Education = 0303. 0.157 3726 0.054 1353 
Income 0.113 0.068 2.793 0.095 1.120 
Winter 0.055 0.025 4.801 0.028 1.057 
New activities 0.273 0.109 6.262 0.012 1.314 
Aesthetic upgrade 0.279 0.107 6.824 0.009 1.322 
Constant -3.418 0.795 18.468 0 0.033 
-2 Log Likelihood 445.124 
Nagelkerke R Square 0.114 
Cox and Snell R Square 0.085 
Overall Percentage 61.7 
N 350 


For the estimation of the second model, is assumed that all the respondents expressed their WTP. 
Meaning that those who did not agree with the tax increase in the first place would be negative to any 
bid, in case they were offered one, if the payment principle question were not posed to them at all. 
On the other hand, for the estimation of the third model, the answers of 262 of the respondents are 
analyzed. This group includes those who agreed with the tax increase and answered the bid question 
(203), those who answered “no” to the construction of the pier (14) and those who invoke disability 
to pay (45). It is accepted that those who have a financial burden have stated true zero WTP because 
they want to contribute but they cannot. In addition, people who did not agreed with the construction 
of the proposed pier are included to this analysis because they do not find any utility to the project 
and therefore they state a true zero WTP. 


The results from the application of the logistic regression for the two models formed for the estimation 
of respondents WTP are shown in Tables 3 and 4. In each table, the variables that turned out to be 
significant and included in each model are presented together with the values of the estimated 
coefficients, the relevant standard errors, the Wald statistic and the corresponding significance level. 
Like before, the parameters that assess the performance of the models are also included in each table. 
Finally, the values of the mean and median WTP for both models are also shown in tables 3 and 4, 
which were estimated by equations 4 and 5 respectively. All variables used for forming these models 
and described in detail in Table 1 were more or less expected to be included in the analysis. The 
coefficients of all models mostly in terms of their signs but also and in terms of their values are 
reasonable and explain the attitude of the respondents. 
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Table 3: Estimated parameters for the valuation question and all respondents 


Variable name B S.E. Wald Sig. Exp(B) 
“Agegroup = = 0320 ORO 7153 000  O0n6 

Income 0.387 0.092 17.679 0.000 1.472 
Winter 0.079 0.024 11.019 0.001 1.082 
New activities 0.225 0.117 3.691 0.055 1.252 
Aesthetic upgrade 0.338 0.119 8.046 0.005 1.402 
Amount -0.140 0.038 13.853 0.000 0.869 
Constant -2.271 0.649 12.245 0.000 0.103 
-2 Log Likelihood 419.929 
Nagelkerke R Square 0.196 
Cox and Snell R Square 0.145 
Mean WTP €6.10 
Median WTP €2.14 
Overall Percentage 67.7 
N 350 


Table 4: Estimated parameters for the valuation question for 262 respondents 


Variable name B S.E. Wald Sig. Exp(B) 
Education = 0476 0198—5578 0.016 1.609 
Income 0.315 0.089 12.403 0.000 1.370 
Walk 0.135 0.072 3.522 0.061 1.144 
Winter 0.090 0.033 7.528 0.006 1.094 
Tourism 0.495 0.143 11.978 0.001 1.641 
Amount -0.140 0.044 10.316 0.001 0.869 
Constant -4.218 1.062 15.572 0.000 0.015 
-2 Log Likelihood 301.523 
Nagelkerke R Square 0.269 
Cox and Snell R Square 0.201 
Mean WTP €9.32 

Median WTP €7.07 
Overall Percentage 70.2 
N 262 


The significantly large difference between the estimated values of mean and median WTP for the 
model of Table 3 is explained by the fact that the analysis included all responses. Consequently, as 
shown in Table 1, there was a large negative response rate to the valuation question leading to this 
outcome. On the other hand comparing the estimated values of WTP shown in Tables 3 and 4, the 
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estimated values for the mean WTP from the two models are €6.10 and €9.32 respectively, whereas 
the same values for the median are €2.14 and €7.07. This significantly large difference between the 
estimated values of the mean and the median WTP derived from the two models, is explained by the 
fact, that in the model of table 3 were included the data collected from all respondents, while in the 
model of table 4 most of the negative answers to the valuation question were not taken into account. 


Following the approach of Reiser and Shechter (1999) described above, two more values for mean 
and median WTP are estimated respectively, by multiplying the (1-p) value of the first model with 
the mean and the median WTP of the third model. The estimated mean and the median WTP following 
this approach are €5.47 and €4.15 respectively. This last estimate of the mean WTP is very close and 
comparable to the estimate of the mean WTP of the second model. The advantage of this approach is 
that using the whole sample leads to more symmetric values of mean and median WTP. This result 
also indicates that we cannot say which one is the true estimate of the WTP, but it is safer to say that 
WTP ranges between €5.47 and €9.32. 


3.3 Cost - Benefit analysis 

The cost-benefit analysis presented here is carried out in terms of economic analysis and not in terms 
of financial analysis, as there is no direct income for the city from the pier itself. Therefore, to carry 
out the cost-benefit analysis for the construction project of the pier, it is claimed that the project will 
be completed in two years and the time horizon of the analysis will be thirty years. Specifically, the 
costs to be considered are the construction cost of the project for the first two years, which was 
estimated at €1,211,490.55, and the annual operating cost, which was estimated at €35,920. As for 
the construction cost, it is the sum of costs in the first and the second year. In particular, the first year 
is assumed that will be completed the 60% of the construction, meaning the cost will be €726,872.49 
and the second year, the cost will be €484,618.06 as it will be completed the remaining 40%. The 
next years, there are no more construction costs as the construction of the project will have been 
completed. Regarding the annual operating costs, they start from the third year and consist of 
maintenance and electricity costs and clean-up cost and they were estimated at €34.000 and €1.920 
respectively. In particular, an indicative amount of maintenance cost per year is estimated to be 
around €4000. The electricity cost is estimated about €30000 per year, as it is considered that, the 
pier will have 20 luminaires operating for 12 hours per day. Operating costs are increased by 12% to 
take account of unforeseen costs. Finally, the clean-up cost is estimated to be €1920, based on the 
assumption that 480 work hours are required per year, with remuneration 4€ per hour. 


On the other hand, the benefit in the analysis is the estimated social benefit, which according to 
welfare theory equates to the willingness of citizens to pay, which was estimated in the previous 
section. In particular, the annual value of the project for the citizens of Thessaloniki is estimated by 
the reduction of the samples’ mean willingness to pay, which was estimated by the logistic regression 
models, in the total population of the city. So, by accepting the most conservative estimate of the 
willingness to pay which is €5,47 according to the approach of Reiser and Shechter (1999), the annual 
value of the project for the residents of Thessaloniki equals to the product of the mean WTP (€5.47) 
times the number of households that exist in the city (332848 households) and times the number of 
bills paid by every household in a year (6 bills). The amount resulting from this reduction is 
€10,924,071.36. So, the net benefit required for the cost benefit analysis is: 


NB, = SB, — OM , = €10,924,071.36 — €31,920 = €10,892,151.36 (10) 
The NPV for the project under study is estimated for thirty years, as follows: 
N 30 
NPV =-C,+), st - =-€1,211,454.16+ >> eee ee 
a (1+r) m (1+0.05) 


The NPV value estimated by equation 11 is particularly high, even by the most conservative 
estimates. This value is significantly higher from corresponding NPV value of about €95,000,000 
estimated by Kaitsis and Mallios (2015) in a similar analysis for the reformation project of the new 


= €153,356,974.17 (11) 
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waterfront of Thessaloniki. The conclusion drawn from the comparison of these two estimates is we 
can assume that when the respondents stated their WTP for the construction of the pier, they 
subconsciously stated their WTP for the entire waterfront of Thessaloniki. Therefore, we can assume 
that the actual social benefit that will derive from the upgrade of the coastal front of the city due to 
the addition of the proposed pier is the value resulting from the difference between these two 
estimates. In any case, the estimates highlight the importance of the waterfront for the city of 
Thessaloniki; indicate that the construction of a pier at the Waterfront of Thessaloniki is a project 
with a positive influence for the welfare of the local society. 


4. CONCLUSIONS 


The application of the contingent valuation method for the estimation of the social benefits that will 
derive from the construction of pier at the waterfront of Thessaloniki and the cost-benefit analysis 
that followed highlight the following useful conclusions concerning the city of Thessaloniki but also 
some technical issues of the method. As for the city of Thessaloniki, it is proved that the residents of 
the city recognize the need for more amenities in the city, give high priority and bring into this need 
a significantly high value. On the other hand, the conclusions of the different values of the WTP 
estimated above are summarized as follows: a) the payment principle question is useful but not able 
to identify free riders or protest responses even with the combination of the debriefing questions; b) 
questions like the one about the agreement of the respondents for the proposed project, which was 
introduced in this study for the first time, are proved useful for the identification of true zero bids and 
similar questions should be incorporated in all CVM studies; c) it is safer to report a range for the 
WTP instead of a single value. Finally, the application of the cost-benefit analysis leads on the 
conclusion that a project can be considered unprofitable in financial terms, but it can become 
necessary because of its social and environmental scope. After all, when the state chooses to build a 
project, its primary objective is to use and meet various needs and, secondarily, to profit from it. 
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Abstract 

Unmanned aircrafts, subsumed under the term "drones", have become in recent years due to their 
number and wide application a mass phenomenon. Despite the overall contribution of drones to the 
environmental protection, they may also have negative effects on the environment. There are fears 
that birds, seals or other animals are disturbed, that the drone controllers enter protected areas or that 
the landscape is affected. At EU level, the development of special drone rules is at a draft stage. The 
aviation Regulation (EC) No 216/2008 provides technical safety requirements, the airfields and 
controllers of unmanned aircrafts, but for a drone weight above 150 kg. Those below that weight are 
to be regulated by each Member State as they see appropriate. In Germany, the new Drone Regulation 
entered into force on 7 April 2017. It integrated nature conservation aspects of drone operations into 
the existing aviation legislation. However, the German nature conservation legislation lacks explicit 
provisions regulating drone flights as a permissive intervention to protected areas. In Greece, the 
Regulation of Flights of Unmanned Aircraft Systems (drones) entered into force on 1 January 2017 
(Off. Gaz. B 3152/30-9-2016). This Regulation specifies the terms, conditions and the way for 
obtaining the license of a drone operator, instructor and examiner, but does not contain any specific 
nature conservation standards regarding the use of drones. The aim of the present paper is to examine: 
a) the new general legislative framework for drones and b) the legal conflicts arising out of the use 
of drones in protected areas in Germany and Greece. 


Keywords: drones, environmental protection, legal conflicts, protected areas 
1. INTRODUCTION 


1.1 Current state of the drone use 

Drones, known in the colloquial speech as aircrafts, which are operated with no pilot on board (Juul, 
2015), can be generally used for scientific, commercial, military, police and private purposes (Brahms 
and Maslaton, 2016). The field of application for military purposes ranges from simple 
reconnaissance tasks to complex surveillance scenarios using armed systems (Millenstedt, 2015). 
Although drones were initially developed for military and defense purposes, they are increasingly 
used for various civil purposes, including photography, rescue operations, infrastructure monitoring, 
forest fire monitoring, farming and aerial mapping (House of Lords and European Union Committee, 
2015). The provision of Internet access and the transport of goods by drones are in test operation 
(Brahms and Maslaton, 2016). Nevertheless, there is criticism about the use of drones over 
demonstrations, major events or in general over densely populated areas due to the danger of falling 
(Sattler and Regh, 2011). 


Remarkable is that the progressive integration of drones into airspace poses various risks. In some 
cases drones have narrowly missed commercial manned aircrafts, flown over or landed on the 
residences of public figures, nuclear power stations, embassies and tourist attractions, obstructed 
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firefighting and injured people (Juul, 2015). Because of the fact that drones usually carry video 
cameras to allow the remote pilot to fly them, they may record images and include technologies such 
as high-power zoom, microphones and a multitude of sensors as well as GPS systems recording the 
location of persons filmed (Juul, 2015). As a result, concerns are expressed about the increasing use 
of drones in respect of data protection and privacy (House of Lords and European Union Committee, 
2015). 


The use of drones can also have negative effects on the natural environment. Irresponsible drone use 
could cause harm to birds including disrupting nests by reducing the breeding success of sensitive 
bird populations, provoking attacks, scattering leks, interrupting feeding and midair collisions 
(Mayntz, 2017). 


1.2 The European regulatory framework 

Under the EU Aviation Law, drones are referred to as unmanned aircrafts (Annex II (i) of the Aviation 
Regulation 206/2008). Both the German and the Greek Aviation Law draw a distinction between 
model aircrafts and unmanned aerial systems according to the purpose of the use of drone. Drones 
used for the purpose of sport or for recreational activities are classified as model aircrafts (§ 1 para. 
2 no. 9 of the German Air Traffic Act (Luftverkehrsgesetz, hereinafter: LuftVG) and art. 3 of the 
Greek Regulation of Flights of Unmanned Aircraft Systems), whereas drones operated for any other 
purpose, such as for commercial visual recordings for commercial purposes, are called unmanned 
aerial systems (§ 1 para. 2 of the German LuftVG and art. 3 of the Greek Regulation of Flights of 
Unmanned Aircraft Systems). 


At EU level, the Aviation Regulation (EC) No 216/2008 provides technical safety requirements, the 
airfields and controllers of unmanned aircrafts, but for a drone weight above 150 kg (art. 4 § 4 in 
conjunction with Annex II (i) of the Aviation Regulation (EC) No 216/2008). Those below that 
weight are to be regulated by each Member State as they see appropriate. 


The EU proposed a change to the Aviation Regulation (EC) No 216/2008 (European Commission, 
2015). Following the so - called Riga Declaration (Riga Declaration on remotely piloted aircrafts 
(drones), 2015), the European Aviation Safety Agency (EASA), on behalf of the European 
Commission, made initial proposals for the establishment of a single legislative framework for the 
use of drones of all weight classes. Based on the risk the operation is posing to third parties (persons 
and property), drones are divided into three categories: ‘Open category’ (low-risk), ‘Specific 
category’ (medium-risk) and ‘Certified category’ (high-risk). The safety should be provided, among 
other things, by operational limitations, especially by "geo-fencing". Geo-fencing is the concept of 
restricting drone access by designating specific areas where the drone’s software and/or hardware is 
designed not to enter, even if the pilot, without intent, instructs the drone to go (European Aviation 
Safety Agency (EASA), 2015). The proposed changes are based on the regulatory approach, to 
develop the potentials of drone technology and thereby to ensure the security of their operation 
(Schrader, 2017). The Riga Declaration introduced the cause of noise by the use of drones as an 
environmental issue, which needs to be addressed at the local level (Riga Declaration on remotely 
piloted aircrafts (drones), 2015). However, it is noted that the proposed European framework about 
drones lacks in nature conservation issues, as geo-fencing does not contain nature conservation areas 
(Schrader, 2017). 


2. GERMAN LAW 


2.1 The new Drone Regulation 

The former German Aviation Law contained different levels of regulation for model aircrafts and for 
unmanned aerial systems. The rise of aircraft models below 5 kg was possible for people of all ages 
without prior knowledge and without any air traffic permission (§ 20 para. 1 no. 1 a) of the Regulation 
relating to air events, Luftverkehrsverordnung, hereinafter: LuftVO). The rise of unmanned aerial 
systems was subject to authorization (§ 20 para. 1 no. 7 LuftVO). An authorization was issued if their 
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use did not pose a risk to the aviation safety or public safety or order and there was no violation of 
data protection rules (§ 20 para. 4 LuftVO). 


The Federal Ministry of Transport adopted the new Drone Regulation, which introduced amendments 
to Air Traffic Licensing Order (Luftverkehrs-Zulassungs-Ordnung, hereinafter: LuftVZO) and to 
LuftVO and which entered into force, with minor exceptions, on 7.4.2017. According to the new 
legislative framework, drones up to 250g are not subject to any specific restrictions. Drones weighing 
over 250g must have the name and address of the controller attached (§ 19 para. 3 LuftVZO). For 
unmanned aerial systems and model aircrafts with a take-off mass above 5 kg there is an authorization 
requirement (§ 21a para. 1 no. 1 LuftVO). The authorization is granted when the intended operation 
does not pose a danger to the aviation safety or public safety or order and there is no violation of data 
protection and nature conservation rules (§ 21a para. 3 no. 1 LuftVO). However, there is an exception 
from the authorization requirement, if the drone operation is necessary for the fulfillment of official 
tasks (§ 21a para. 2 no. 1 LuftVO). 


2.2 Nature conservation aspects 

Nature conservation aspects, which are not limited to the protection of certain areas, but, for example, 
may include species protection aspects, are expressly mentioned in the terms of the new authorization 
procedure (Schrader, 2017). According to § 21a para. 6 LuftVO, protection regulations, such the 
Federal Nature Conservation Act (Bundesnaturschutzgesetz, hereinafter: BNatSchG), which have 
been issued under this Act or continued to apply, as well as the nature conservation laws of the 
countries, remain unaffected. Moreover, in accordance with § 21b para.1 no. 6 LuftVO, general 
operating bans exist in environmentally sensitive areas, such as nature reserves, national parks and 
Natura 2000 sites, as far as the operation of unmanned aircrafts in these areas are not otherwise 
regulated by the national provisions. In this regard, the new German Aviation Law recognizes further 
protective provisions of the nature conservation law, whereas it does not contain any regulations on 
geo-fencing (Schrader, 2017). 


Legal conflicts can most likely arise in nature reserves (Schrader, 2017). Drones can be beneficial for 
nature conservation law. They can be used for nature photography or for the rescue of wild animals 
from an agricultural mowing (Thaysen, 2016). Furthermore, drones can be used as monitoring aids 
for the observation of nature and landscape (§ 6 BNatSchG). In the field of landscape planning, drones 
can be used to determine the existing state of nature and landscape. At local level, they can collect 
information for landscape and green order plans (§ 11 BNatSchG) and determine soil and water 
parameters in addition to vegetation, landscape features, larger animals and impairments (Schrader, 
2017). 


Moreover, drones can be used for carrying out and securing the compensation measures. The 
competent authority has to carry out appropriately compensation and replacement measures, 
including any necessary maintenance measures (§ 17 para. 7 BNatSchG). For this purpose, it may 
require the polluter to submit a report. Drones can contribute to these controls (Schrader, 2017). 


In addition, drones can play an important role in the protection of nature, landscape and species. 
Drones in a monitoring program could contribute to the examination of the achievement of the 
protective purpose in many protected areas, especially outside the Natura 2000 network. As far as the 
observation of invasive species is concerned (§ 40 para. 2 BNatSchG), recorders on drones, 
programmed for the giant hogweed or the Himalayan balsam, can more effectively identify the spread 
than inspections (Schrader, 2017). 


On the other hand, it is noted that the German Air Traffic Act (LuftVO), applying to a federal level, 
lacks in explicit provisions with regard to the protection of the nature reserves. All acts, leading to 
destruction, damage or change of territories or its constituents or to lasting disruption, are prohibited 
(§ 23 para. 2 BNatSchG). This absolute prohibition on change also applies to the national parks (§ 24 
para. 3 BNatSchG). However, § 21 b para.1 no. 6 LuftVO on general operating bans for unmanned 
aircrafts in environmentally sensitive areas does not refer to national parks, national natural 
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monuments and natural monuments mentioned in §§ 24 para.4, 28 para. 2 BNatSchG, which are also 
like nature reserves protected, so that there is no air traffic operating ban over them (Schrader, 2017). 


At the legislation level of the individual German states, drones had for the first time in 2016 an effect 
on a state nature conservation law.§ 13 para. 3 no. 3 of the National Nature Conservation Act of 
Schleswig-Holstein prohibits in nature reserves the rise and landing of model aircrafts and unmanned 
aerial systems. Forbidden is, however, the rise and landing in only one nature reserve, but not close 
to it. This prohibition is narrower than the prohibition on change of § 23 para 2 BNatSchG (Schrader, 
2017), which also includes activities outside of one nature reserve (Landmann, Rohmer and 
Gellermann,2017). 


Moreover, National Nature Conservation Act of Schleswig-Holstein does not regulate the overflight 
and does not make clear, whether the prohibition ‘in nature reserves’ applies also to types of areas 
equal to nature reserves. The remaining legislative gaps regarding overflight, rise and landing in areas 
close to nature reserves or in areas equal to nature reserves may be filled by the individual protection 
statement of the respective area (Schrader, 2017). 


As mentioned above, drones can disturb birds. Drones could violate the general prohibition of 
deliberate disturbance of wildlife (§ 39 para. 1 no. 1 BNatSchG) as well as the special prohibition of 
disturbance of wildlife of protected species and European species of birds during certain time - 
periods (§ 44 para. 1 no. 2 BNatSchG). A disturbance, according to § 44 para. 1 no. 2 BNatSchG, 
presupposes the detrimental effects of actions on the psychological well-being of a protected animal 
and its externally recognizable fear, escape or startle reactions (Landmann, Rohmer and Gellermann, 
2017). Externally recognizable reactions have to be considerable for the conservation status of the 
local population. A deliberate disturbance presupposes positively the intent of the disturbance and 
negatively the absence of any justifying, apologizing or otherwise objectively comprehensible reason 
(Giesberts L., Reinhardt M. and Gläß, 2017). In this context, the disturbance for a simple private 
photography or without any justification would be deliberate, whereas a scientific animal 
photography not. An expertise is required in order to be able to fulfill the requirements of a prohibited 
state in individual cases prove by drones. A professional expertise is needed in order to prove in 
individual cases the fulfillment of the requirements of the above mentioned prohibitions (Schrader, 
2017). 


3. GREEK LAW 


3.1 The Drone Regulation 

In Greece, the first Drone Regulation, issued by the Civil Aviation Authority (hereinafter: CAA), 
entered into force on 01.01.2017 (Off. Gaz. B 3152/30-9-2016). The Regulation applies only to 
Unmanned Aerial Systems (Art. 2§1 of the Regulation). Aeromodels, unmanned aircrafts used for 
military or other state purposes by the respective state bodies (armed forces, security forces, etc.) as 
well as tethered or free balloons are excluded from the scope of the Regulation (Art. 2§2 of the 
Regulation). 


The Regulation defines the whole procedure regarding Unmanned Aerial Systems, including safety, 
privacy, data protection, civil liability and environmental protection issues. The structure of the 
Regulation is formulated within the framework of the principles of the European Aviation Safety 
Agency (EASA) in such a way as to enable the full integration of the relevant European regulations 
in the future. 


According to the Regulation, drones are classified into three categories: open, specialized and 
certified. All drones flying more than 50 meters away from their operator, regardless of the reasons 
for their use, should be recorded in a register of the Civil Aviation Authority (Art. 10§1 of the 
Regulation). Upon request by the interested parties, drones are categorized in the open or special 
category and are included in the special register of unmanned aircrafts of the CAA. Drones, 
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categorized by the CAA in the certified category, are entered in the register of Greek civil aircrafts 
and they receive nationality and registration marks (Art. 10§1 of the Regulation). 


Drones of the open category have a take-off mass below 25 kg, fly in less than 500 meters away from 
the operator and the maximum allowable flight height is 400 feet. The operator has direct view of the 
drone. Flights of drones of this category are forbidden above concentrations of persons, unless they 
have a commercial license and meet specific safety requirements (Art. 6§1 of the Regulation). 


For drones belonging to the special category, an operating permission is required. This is granted 
under the condition that the person concerned provides a security risk assessment plan, a flight 
operation’s manual and an insurance contract (Art. 8§1 of the Regulation). In case of commercial use 
of the drones belonging to this category, a registration of the drones in a special register and the 
obtaining of a special license through a fee payment are also required (Art. 8§2 of the Regulation). 


For drones of the certified category, a registration of the aircraft in a special register and the issue of 
a special certificate of airworthiness are required (Art. 9 of the Regulation).Furthermore, the operator 
of this category is obliged to have a special training, the content of which and the exams required will 
be determined by a decision of the CAA operation commander (Art. 9§3 of the Regulation). 


For the commercial exploitation of unmanned aircraft of any category, a special license provided by 
the CAA is required (Art. 13§1 of the Regulation), which has a twelve-month validity and is renewed 
after re-control and a new fee payment (Art. 13§4 of the Regulation). A prerequisite for the granting 
of the license is, among others, a certification that the operator of drones has obtained basic 
knowledge of air traffic rules after the attendance of certain relevant courses (Art. 13§2 of the 
Regulation). 


The Regulation contains specific rules for air traffic and the conduct of unmanned aircraft flights. 
Among others, it provides that drone flights are generally allowed in airspace segregated from the 
airspace used by manned aircraft. In particular, Unmanned Aerial Systems are allowed to fly: a) below 
the permitted limits for the operation of manned aircrafts in accordance with Instrument Flight Rules 
(IFR) and/or Visual Flight Rules (VFR) or at a maximum altitude of 400 feet above ground or sea 
surface; b) above the upper limits of the controlled airspace for the operation of manned aircraft (flight 
level: 460-46.000 feet); c) within temporary segregated areas for drone flights, which are determined 
by the air traffic services of CAA and d) at defined traces and heights specified by special 
authorizations of the air traffic services of CAA (Art. 5§1 of the Regulation). 


On the contrary, drone flights are generally prohibited in airspace: a) in which flights of manned 
aircrafts take place in accordance with Instrument Flight Rules (IFR) and/or Visual Flight Rules 
(VER); b) within the airport operations zones and, in any event, in a distance less than 8 km from the 
aerodrome perimeter and from landing/ take-off paths from/to the airport; c) in prohibited areas for 
unmanned aircraft systems as defined by the competent bodies and published by a decision of CAA 
and d) in areas, defined by air traffic services as prohibited and restricted, in which the flights of 
manned aircrafts are not allowed (Art. 5§2 of the Regulation). However, in special cases and upon 
request to the CAA, it is possible to allow the flight in airspace concerned (Art. 5§3 of the Regulation). 


Finally, the Regulation provides that unmanned aircrafts belonging to special, certified category or to 
the open category with a take-off mass between 4 kg - 25 kg as well as unmanned aircrafts for 
professional use of any category/subcategory require an insurance coverage for damage to third 
parties (up to 150.000 € for third party material damages and up to 1,000,000 € for personal injuries, 
Art. 14 of the Regulation). The Regulation also refers to privacy issues. In particular, it provides that 
any possible processing of personal data during air transport operations of drones has to comply with 
the relevant legislation in force (Art. 15 of the Regulation). 


3.2 Nature conservation aspects 
Similar problems with those arising under German law are also found here. The only nature 
conservation aspect of the Greek Drone Regulation is the general ban on the operation of drones over 
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environmental protection areas. According to Art.19§3 of the Regulation, the operation of drones 
over these areas is subject to special authorization by the Ministry of Environment, Energy and 
Climate Change. 


Pursuant to Art. 19 of Law 1650/1986, as amended by Art. 5 of Law 3937/2011, environmental 
protection areas are strict nature reserves (areas with extremely sensitive ecosystems), nature reserves 
(areas of high ecological or biological value, in which any activity or operation changing or altering 
the physical condition, composition or development of the natural environment is prohibited), natural 
parks (terrestrial, maritime areas or areas of a mixed character of particular value and interest because 
of the quality and variety of their natural and cultural features), and Natura 2000 sites. 


This general ban does not contain any specific nature conservation standards for the use of drones. It 
does not specifically define to which of the above-mentioned environmental protection areas the 
general ban on drone flights applies, if there are any exceptions from this general ban and, if so, on 
the basis of which criteria and at which height are drone flights allowed over an environmental 
protection area. On the other hand, a basic lack of this general provision is that it does not prohibit 
drone flights close to environmental protection areas, and in particular close to Natura 2000 sites. 


This provision seems at first sight to protect the environment against the operation of drones. 
However, this general prohibition of drone flights over environmental protection areas may also run 
counter to the environmental protection. The general requirement for a special authorization for the 
operation of unmanned aircrafts over all the above-mentioned environmental protection areas, even 
if it works for the benefit of the environment (e.g. forest fire monitoring etc.), may eventually become 
fatal. 


Furthermore, a special provision for the protection of birds against the noise caused by the drones is 
not detected in the Regulation. According to the general provision of Art.11 of the Common 
Ministerial Decision No 33318/3028/11.12.1998 (Off. Gaz. B 1289/28-12-1998) implementing 
Directive 92/43/EC, only the deliberate disturbance of wildlife during their reproduction season, 
during the period in which the pups are dependent on the mother, during hibernation and migration 
is prohibited. It is therefore necessary to prove the drone operator's intention to disturb the bird. This 
is extremely difficult to prove in case of the use of drone for both recreational and professional 
purposes given their general contribution to the environmental protection. 


4. CONCLUSIONS 


It follows from the above that there is a paradox with the use of drones. While they generally 
contribute to the protection of the environment, they run the risk of disturbing birds. The 
environmental factors that should be taken into account by the legislator for the operation of drones 
over environmental protection areas are abstract and general in both German and Greek law. There 
is therefore a need for a common European Regulation that will introduce clear restrictions on the 
drone flights over sensitive ecosystems such as nature reserves and the Natura sites. The restrictions 
in order to be clear and efficient, should provide for the permissible distance between the operator 
and the drone and prohibit on the basis or numerical criteria low flights of drones over the above- 
mentioned areas. Geo-fencing technology (software program incorporated in the drone to define 
geographical boundaries) could be especially helpful for the achievement of this goal. 
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Abstract 

Wastewaters from industrial ammunition facilities often contain enough nutrients to support 
microalgae growth. Initial studies showed promising results on sustaining growth of a freshwater 
microalgae Scenedesmus obliquus under a blend of untreated energetic-laden wastewater from an 
industrial ammunition facility. Initial laboratory studies were scaled up to 100L open raceway 
reactors for growing S. obliquus in the same untreated wastewater mixture. The raceway reactors 
were set-up up as follows: 50 rpm paddle-mixer speed, 14:10 hours light:dark photoperiod, and 68- 
95 umol/m?/s of light intensity. Continuous monitoring of pH and temperature of the growth medium, 
periodic analysis of cell density and dry weight of microalgae, and analysis of the media’s nutrient 
contents were performed. Biomass harvesting from the raceway reactors was conducted on a weekly 
basis and the harvested algal biomass was tested for its oil content. Different conditions such as light 
penetration, nutrient availability, and retention times were evaluated in order to optimize the biomass 
growth as well as the oil content of S. obliquus in a semi-continuous setting. The results showed that 
only nitrogen starvation increased the lipid production from 13% to 29% of oil based on the dry 
weight of biomass, whereas no increment in oil or biomass production was noticed with the increase 
of light penetration in the two different retention times tested. This study provided significant 
information towards microalgae growth in energetic-laden wastewater streams. This study also 
showed that wastewaters from industrial ammunition facilities can be reused for culturing microalgae, 
which can be utilized for renewable energy production. 


Keywords: microalgae, energetic-laden wastewater, renewable energy 
1. INTRODUCTION 


The manufacturing of energetic compounds at industrial ammunitions facilities generates large 
variety of wastewater streams containing organic pollutants (e.g., solvents, energetic materials 
residues, reagents) which are also rich in nutrients, mainly nitrogen. These streams are subject to 
regulatory discharge permits and require different levels of treatment (e.g., physical-chemical, 
biological) prior to disposal into adjacent water bodies. Previous studies have shown (Abraham et 
al., 2016, 2018; RoyChowdhury et al., 2017) that many of these streams can support algae growth 
without or with minimal treatment. For this study, 10 different untreated wastewater samples were 
obtained from an industrial ammunition plant. Laboratory based toxicity studies showed that several 
of these untreated wastewater samples could be used to grow microalgae Scenedesmus obliquus at 
appropriate dilution levels. Thus, 100L open raceway reactors were set-up for culturing Scenedesmus 
obliquus in ammunition-laden untreated wastewater streams with the objective of assess biomass and 
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oil productivity depending upon reactor operation conditions (nutrient level, hydraulic retention time, 
and light penetration). 


2. MATERIALS AND METHODS 


Based on the results of our previous laboratory studies a mixture of wastewaters was prepared by 
mixing 55% of wastewater#2, 40% of wastewater# 4, and 5 % of wastewater#1 diluted 1000 times in 
wastewater#3 to use it as culture media of Scenedesmus obliquus. The characteristic of the individual 
wastewater samples along with the mixture are presented in Table 1. 


Table 1. Characterization of selected untreated waste streams and their mixture. 


Waste pH TN N- - N- TP TOC Energetic 
St na, “NO; C d 
reams 5 ompoun 
(ppm) 3 NO, (ppm) (ppm) : 
(ppm) (ppm) Identified 
(ppm) 
1 5.12 287,000 82,400 124,645 B.D.L. B.D.L. 192 
2 6.75 33.70 0.53 1.21 1.41 0.04 57.1 RDX 
3 4.61 16.30 28.30 B.D.L. B.D.L. 0.04 175 
4 6.59 221 12.70 2.84 70.86 0.12 2132 RDX, NTO, 
NQ 
Mixture 7.06 87 4.45 19.8 B.D.L. 77.5 1042 RDX 


TN: total nitrogen, TP: total phosphorus, TOC: total organic carbon, B.D.L. = below method detection 
limit. 


2.1 Setting-up 100L Raceway Reactor for Algal Culture Using Untreated Wastewater 
Initially, one 100L raceway reactor (R1) was filled up with 90L mixed wastewater, then the chemicals 
present in commercial BG-11 media were added to it with exception of all nitrogen sources as it is 
presented in Table 2. Then reactor was inoculated with 10L of Scenedesmus obliquus inoculum. The 
reactor was operated under a 14:10 hour light:dark period, 68-95 umol photons/m7/s light intensity 
(using a HydroFarm FLP46, fluorescent grow light fixture), and 50 rpm speed of the rotating wheel. 
Every week a 10L volume was removed (harvested) from the reactor and was processed for oil 
extraction as described below. DI water was added in the raceway reactor (~1-1.5L/day) every day to 
make-up the natural evaporation of water from the raceway reactor and to maintain the 100L working 
volume. The raceway reactor was equipped with a continuous monitoring systems of pH and 
temperature and these data was logged in and saved for recording purposes. Samples were 
periodically collected and analyzed for cell density (by measuring fluorescence at 685 nm using a 
Synergy mx Biotek microplate reader), dry weight (following standard USEPA protocol), change in 
nutrient concentrations (using a Dionex IC with IonPac 4 mmx250 mm AS16 column equipped with 
a IonPac 4 mmx50 mm AG16 guard column), and RDX concentration change over time (using 
Agilent HPLC). The 100L raceway reactor, R1 was operated for a period of 37 days. 


2.2 Culture of Scenedesmus obliquus in Raceway Reactors using untreated wastewater and 
50L working volume 
It has been shown that light penetration plays an important role in algae growth. Over time, it was 
observed that the liquor in R1 was getting darker as a result of algae growth which was potentially 
inhibiting light penetration and uniform light distribution throughout the reactor. In order to assess 
light penetration, the entire 100L content of the R1 reactor was divided into two aliquots and two new 
raceway reactors with a working volume of 50L each were set-up and were labelled as R2 and R3. It 
was hypothesized that by lowering the total volume inside the reactor from 100L to 50L the light 
penetration pathway will be reduced allowing a better light distribution throughout the whole reactor 
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volume. Both raceway reactors were kept under the same operating condition as of raceway reactor 
R1. This study was also designed to analyze the impact of different retention time on algae growth. 
In order to assess this, 10L working volume was harvested from R2 and 4L working volume was 
harvested from R3 on a weekly basis. The harvested liquor was processed for oil extraction and the 
equivalent amount of wastewater mix was added to each of the reactors after harvesting. Natural 
evaporation from the reactors was compensated as described in section 2.1. As before, continuous 
monitoring of pH and temperature of the culture media was performed for both reactors. Periodically, 
samples were collected from both reactors and were analyzed for cell density, dry weight, change in 
nutrient concentrations, and RDX concentration over time following the previously mentioned 
analytical procedures. Both reactors were operated for 77 days. 


Table 2. Composition of media used for Scenedesmus obliquus culture in 100L raceway 
reactor. This media was prepared by modifying Sigma Aldrich’s C3061- BG-11 medium. 


Composition mg/L 
1 Magnesium sulfate. 7H20O 75 
2 Potassium phosphate dibasic 40 
3 Calcium Chloride dihydrate 36 
4 Sodium carbonate 20 
5 Citric acid 6 
6 Ferric ammonium citrate 6 
7 ~ Boric acid 2.86 
8 Manganese chloride. 4H20 1.81 
9 EDTA disodium magnesium 1 
10 Sodium molybdate. 2H20 0.39 
11 Zinc sulfate. 7 H20 0.222 
12 Cupric sulfate. 5H20 0.079 
13 Colbat nitrate. 6H20 0.0494 


2.3 Harvesting of Algae 

Algae slurry/liquor removed from the raceway reactors was first subjected to gravity settling for 24h 
after which the supernatant was decanted. The biomass rich slurry after gravity settling was further 
dewatered using an EXD explosion-proof centrifuge purchased from Thermo-Electron Corporation. 
The centrifuge has a maximum capacity of 6L (1L in each of the 6 centrifuge cups) with a working 
volume of 4.8L (800mL in each of the 6 centrifuge cups). The slurry samples to be centrifuged were 
collected in 1000mL Nalgene™ PPCO centrifuge bottles. The centrifuge was run at 2900rpm for 15 
minutes. After the removal of water, the final concentrated slurry from each of the bottles were added 
together to make one sample slurry. The final slurry was further homogenously mixed on the shaker 
before the dry weight was determined. 


2.4 Dry Weight Determination of Algae Slurry and Paste 

A CO? Resistant Shaker operating at 120rpm was used to mix the slurry for 10 minutes before dry 
weight determinations. Then, 2mL of the sample slurry was collected in each of 3 tared sample tubes. 
Whatman glass microfiber filter purchased from Fisher Scientific with a pore size of 0.7micron were 
first rinsed with de-ionized water by placing a stack (minimum of 2) on a filter funnel and then 
deionized water was made to flow through with the aid of a vacuum pump. The filter were ashed in 
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a furnace at 550°C for 20 minutes. The 2mL samples collected were then vacuum filtered and all 
solids in the sample were retained on the glass microfiber filter. The three sample residues obtained 
from the filtration step were collected in an aluminum pan and placed in an oven at 105°C for 16 
hours to completely dry the sample. The dry weight percent was calculated as shown below: 


mass of (dry biomass + filter paper) (g)-mass of ashed filter paper (g) x100 


Dry weight (%) = (1) 


mass of the 2mL sample (g) 

2.5 Extraction of Oil from Algae and Quantification of Extractables 

A Soxhlet extractor equipped with Whatman cellulose thimbles of pore size 10um and dimensions 
27mm X 80mm (external diameter x external length) (Fisher Scientific) was used for oil extraction 
using ethanol (Reagent Grade) as solvent. The biomass to solvent ratio used was 1:25 and the heating 
mantle was set to 150°C. The time taken for complete extraction varies between 6 and 10 hours. The 
boiling flask with the wet extracted lipids was placed in an oven at 105°C for 16 hours for complete 
dryness. After drying, the dried lipid was weighed relative to the tared boiling flask and recorded. 
The weight percent of the lipid extract was calculated as shown below: 


dry mass of lipids (g) 


% wt of extractables (lipids) in dry biomass= x100 (2) 


dry mass of biomass, m (g) 


3. RESULTS AND DISCUSSION 


3.1 Culture of Scenedesmus obliquus in 100L Raceway Reactor (R1) 

Over the 37 days of the experiment, the average pH of the media in R1 was 8.6 + 0.16, and the average 
temperature was 19.9°C + 0.6. pH values were within the optimum algae growth range (pH 7-9) 
throughout the study. Although the raceway reactor was open and maintained under laboratory 
condition, the temperature was always within optimum algae growth range, 18-25°C. 


Figure | represents the changes in cell density and dry weight for the algal culture over time. At the 
end of the study (day 37), cell density in the reactor was 2.49 x 10’ cells/mL. The fluctuation in the 
cell density observed in Figure 1 was due to the harvesting process. The gradual increase in the dry 
weight in R1 can also be seen in Figure 1. The highest dry weight was obtained in the raceway reactor 
at day 35 and was 0.4+ 0.1 g/L. Both, cell density and dry weight increases, were indicative of algal 
growth in R1 and showed that Scenedesmus obliquus can grow in untreated ammunition-laden 
wastewater without showing any toxic impact. No external nitrogen source (in form of nitrogen 
containing salts) was added into the system during this study assuming that all necessary nitrogen 
sources would be provided by the wastewater streams. After each week’s harvesting and addition of 
10L of wastewater mixture to compensate for the volume harvested, total nitrogen concentration of 
the system always increased (data not shown). Concentrations of nitrate and sulfate (data not shown) 
indicates that suitable nutrient sources were present in the media for sustaining algae growth 
throughout the experiment. Figure 2 shows the change in color in R1 as result of algae growth. 


3.2 Culture of Scenedesmus obliquus in 50L Raceway Reactors R2 and R3 

The daily change in pH and temperature in reactors R2 and R3 were logged in through their respective 
probes and data acquisition system. The average pH of R2 and R3 were 8.45+ 0.33 and 8.58+ 
0.31,respectively, both values within the 7-9 optimum pH range. The average temperature of R2 and 
R3 were 17.36°C + 1.19 and 17.03°C + 1.08, respectively. 
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Figure 1. Change in S. obliquus cell density (left) and dry weight (right) in the 100L raceway 
reactor, R1 over time. 


Figure 2. R1 color evolution as a result of algae growth. 


Figure 3 presents the changes in cell density of the algae culture for R2 and R3 over time. In both 
reactors cell density gradually increased over time. No significant difference in cell density was found 
between R2 and R3 throughout the study. Also, no major difference in cell density was observed 
between R1, R2 and R3 on equivalent time point throughout the study. For example on day 37 of 
study the measured cell density of R1, R2 and R3 were 2.49 x 10’, 2.15x 10’, and 3.26x 10’ cells/mL, 
respectively. This result showed that different light penetration paths (changing depths) did not made 
any significant change in algal growth for the system tested. It was found that at day 77, cell density 
in R2 and R3 were 5.08 x 10’ and 5.67 x 10’ cells/mL, respectively. Figure 3 also presents the change 
of dry weight in algal culture in R2 and R3 over time. A steady increase in dry weight was noticed in 
both reactors during the study. A dry weight of 0.88 0.15 and 1.31 0.23 g/L was found in R2 and 
R3 respectively on day 77. At the beginning of this study, nitrate and phosphate salts (sodium nitrate 
and sodium phosphate monobasic) were added to both reactors at a N:P ratio of 15:1 (150 mg/L of 
nitrate and 10 mg/L of phosphate) to ensure that the media in both reactors contained enough nutrient 
to support algae growth. Due to the depletion of nutrient levels inside the reactors, a second addition 
of nitrogen and phosphate salts at the 15:1 ratio was made to both reactors on day 31. All throughout 
the study a steady decrease in nitrate concentration was observed in both reactors which correlates 
with the steady increase of algae biomass (data not shown). 
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Figure 3. Change in S. obliquus cell density (left) and dry weight (right) in the 50L raceway 
reactor, R2 and R3, over time. 


3.3 Effect of Phosphorus and Nitrogen Concentration on the Amount of Algae Oil Recovered 
Oil extraction was carried out on a weekly basis (7 days interval) by implementing the protocols 
presented in sections 2.3, 2.4 and 2.5. Table 3 shows the amount of oil extracted along with the 
concentrations of nutrients in the reactor at the time of harvesting S. obliquus (R1). Prior to the weekly 
oil extraction, triplicate concentrated algae slurry samples were prepared from the 10L of liquor 
harvested from the raceways by dewatering the sample to about 5wt% total solid, following the 
procedure presented in section 2.3. At the end of the experiment, the oil content of S. obliquus was 
recorded as a percentage of the dry weight of the algae slurry sample extracted. The maximum 
deviation of oil content from average oil content recorded was 0.5%. The trends in the variation of 
algae oil content with nutrient are shown in Figures 4(a.) and 4(c.) while oil productivity changes 
with nutrient are shown in Figures 4(b.) and 4(d.). Oil productivity is presented in (gal/acre year) to 
compare with baseline values used to measure the performance of algae cultivation on large scale. 


Table 3. Biomass productivity, oil content and oil Productivity of S. obliquus grown in the 
munitions-laden wastewater. 


Day Dry Biomass Nitrates Phosphorous Oil g oil/m? Oil 
weight Productivity (mg/L) (mg/L) content d productivity 
(g/L) (g/m?d)! % (gallons/acre 
year)? 
7 0.227 2.903 31.75 10.9 13.0 0.3774 170.44 
16 0.326 2.507 29.11 5.8 17.1 0.4321 195.16 
23 0.377 2.206 22.1 6.05 14.9 0.3287 148.45 
30 0.390 1.781 16.27 2.8 25.6 0.4559 205.91 
37 0.374 1.356 14.26 4.7 26.5 0.3593 162.29 


1. Biomass productivity calculated by converting the dry weight (g/L) to (g/m°), dividing by the time interval (days) 
and then multiplying by the pond depth (8inches = 0.2032m). 


2. Oil productivity was calculated by multiplying the oil content with the biomass productivity and an appropriate 
conversion factor (451.63) to convert from g/m?/day to gallons/acre/year. 
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Figure 4. Variation of oil content and oil productivity of S. obliquus with nutrient 
concentration over the period of algae cultivation: (a.) Plot of oil content and nitrate 
concentration versus time of cultivation; (b.) Plot of oil productivity and nitrate concentration 
versus time of cultivation; (c.) Plot of oil content and phosphorus concentration versus time of 
cultivation; (d) Plot of oil productivity and phosphorus concentration versus time of 
cultivation; (e.) Plot of oil productivity and biomass productivity versus time of cultivation; 
(f.) Plot of oil content and biomass productivity versus time of cultivation. 


These baseline values are set at 13g/m* of biomass a day at 25 wt% oil content which is equivalent 
to an oil productivity of 1300 gal/acre year. (Davis et al, 2012). As it was pointed out, the sole source 
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of nitrate used in algae cultivation in the R1 experiment was the wastewater. After every weekly 
harvest, 10L of fresh wastewater were used to make up the reactor volume and replenish the 
consumed nitrates, nevertheless nitrates and phosphorus might have been the limiting substrate for 
algae growth during the first experiment. 


The oil content of S. obliquus increased as the concentration of nitrate decreased. According to 
previous research on the effect of nutrients availability on the accumulation of lipid in algae, nitrogen 
starvation is one most critical processes enhancing lipid metabolism in algae (Darzins et al, 2008). 
The observed increase in the oil content of algae was a confirmation of this established mechanism 
for improving oil content. However, in the third week of the experiment, the oil content dropped and 
this was suggested to be the result of the increase in the concentration of phosphorus in the third 
week. Figure 4(f.) shows the variation in the oil content and biomass productivity at a given time 
points over the growth period while Figure 4(e.) presents the variation of oil productivity and biomass 
productivity at given time points during the period of growth. Biomass productivity decreased as a 
result of depriving algae of nutrient while the oil content increased (from 13% to 26.5%). On the 
other hand, the trend in oil productivity only showed that an optimum exist while the increase in the 
concentration of phosphorus in the third week explains the drop in oil productivity during that week. 
The variation in the concentrations of nutrients was observed to affect the oil productivity indirectly 
through changes in the oil content of algae. Oil productivity can improve if one of the two parameters 
(biomass productivity and oil content) is kept fairly constant and the other is increased by using any 
of the available mechanisms to achieve this purpose. For example nutrient starvation mechanism can 
be implemented to improve the rate of lipid synthesis in algae while other growth parameters such as 
light intensity and rate of mixing can be enhanced to keep high biomass productivity. Batch 
operations using high nutrient concentration during the exponential growth phase and nutrient 
starvation before harvesting could be an alternative approach to maximize oil productivity. 


3.4 Effect of Retention Time and Light Penetration on the Amount of Algae Oil Recovered 
In this study, S. obliquus liquor cultivated in R1 was divided into two reactors (R2 and R3) to reduce 
the depth of algae in the raceways thereby reducing light intensity attenuation. Similarly, weekly 
harvest was carried out by removing 10L of algae slurry from R2 while 4L slurry was harvested from 
R3. Thus, R2 has shorter retention time compared to R3. These two factors were investigated over a 
growth period of 77 days. In the first two weeks, a mix of slurry from the two reactors was dewatered 
and used for extraction due to the limited amount of biomass produced. The oil content of algae in 
the first and second week of the experiment does not change significantly from the last oil content 
obtained in the previous experiment, (26.5+0.2)%. Table 4 shows the oil content of S. obliquus 
recovered over the growth period while Figure 5 provides a graphical representation of the oil 
recovery trends. 


Based on the oil content data obtained for R3 and R2, it was observed that the recovered oil content 
from algae in R3 was higher than those in R2 (see Figures 5 and 6). Apart from nutrient-depleted and 
harsh environmental conditions to which algae respond by biosynthesizing lipids to store carbon and 
energy as an adaptive feature, aging of algal culture can also affect triacylglycerol and fatty acid 
composition of algae (Darzins et al, 2008). This explains why the values of oil content of algal slurry 
samples from R3 are higher than those from R2. Thus the age of the algae culture (based on the 
hydraulic retention time) adds to the effect of nutrient concentrations (nitrogen and phosphorus) on 
algae’s oil content. In agreement with the outcome of the previous experiment, oil content of algae 
increased with decrease in the concentration of nitrate in both R3 and R2. The effect of nutrient was 
evident especially on the 36" day of the experiment (see Figure 5). The maximum deviation from the 
average oil content recorded was +1.65%. In the 5“ week, maximum oil content was achieved in R3 
(29.5+0.34) % while the maximum oil content obtained in R2 was (27.93+0.15) % in the 10" week. 
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Figure 5. Variation of oil content of S. obliquus with nutrient concentration in R2 and R3 for 
the first 60 days: (a.) Variation with nitrate concentration (b.) Variation with phosphorus 
concentration. 


Table 4. S. obliquus oil content as a function of retention time. 


Day Oil Content R3 Oil Content R2 Oil Content R2/R3 
(4 L sample) % (10L sample) % mixture 
7 - - 26.73 
14 - - 26.97 
21 25.92 21.97 - 
31 25.92 23.50 - 
36 29.50 26.99 - 
43 27.03 23.25 - 
50 26.91 22.75 - 
60 28.16 23.41 - 
70 26.53 24.83 - 
77 28.15 27.93 - 


4. CONCLUSIONS 


The current research assessed the feasibility of growing microalgae, specifically S. obliquus, using 
untreated or minimally treated (e.g. dilution) munitions-laden industrial wastewater with minimum 
addition of external sources of nutrients. Nevertheless, extensive optimization work is necessary in 
order to bring up biomass yields to accepted industry standards. The influence of light penetration, 
hydraulic retention time, and nutrient content was also preliminarily assessed. Light penetration did 
not have a major role on algae biomass yield and oil content in the raceway setup using in this study 
perhaps due the particular high mixing rate that can be achieved allowing all biomass to be exposed 
to light in a fairly constant fashion. Older biomass (higher retention time) appears to favor higher oil 
content, although clear trends could not be developed. Nutrient starvation shows the stronger 
correlation with algae oil content underlying the need of perform an optimization process using the 
engineering variables at hand (nutrient profile, retention time, mixing rate, CO2 uptake, etc.) in order 
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Figure 6. Changes on oil content of S. obliquus in R2 and R3 over the entire growth period. 


to maximize the algae oil yield which is the product of the algae biomass yield times the algae’s oil 
content. Lastly, the fate of the energetic materials during algae growth is not discussed as it was 
outside the scope of the current study. 
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Abstract 

This paper summarizes the elution history of packed BOF slag fines (< 10 mm diameter) after a 
running liquid:solid (L/S) ratio of 1573 L/kg (13111 pore volumes or PV) with an empty bed contact 
time (EBCT) of 15 min. High alkalinity (> 1000 mg CaCOs:/L) was obtained up to a L/S 63 L/Kg (526 
PV). pH >12 persisted to about L/S <77 L/Kg (580 PV), then monotonically decreased to 
approximately 11 at 150 L/Kg (1245 PV) when it appears the residual lime/portlandite content was 
exhausted, which triggered the dissolution of calcium silicates, most prominently, larnite. The pH 
plateaued thereafter, likely due to buffering effect of silicic acid (pKaım4sio4) ~ 9.8) from the larnite. 
Thereafter, calcium concentration approached background levels of the influent tap water (~12.10 
mg/L) whereas the dissolved silicon increased and remained steady between 1 and 10 mg/L. The 
mass loss of BOF slag fines measured at the end of the experiment was 19.4 wt%. Based on the 
QXRD data, the sequential dissolution of lime/portlandite and larnite appear to be the dominant 
processes driving changes in alkalinity, pH, and aqueous elemental composition. Aluminum 
hydroxide [Al(OH)3] also dissolved, further adding to the amorphous content. The Toxicity 
Characteristic Leaching Procedure (TCLP) and de-ionized water leaching data suggest that the BOF 
slag fines are non-hazardous, and exceptionally clean from an environmental perspective and 
compare very well with the TCLP data of other US BOF slags [Proctor et al 2000], in either the virgin 
or exhausted form. 


Keywords: BOF slag, leaching, XRD, calcium, silicon, pH buffering, 
1. INTRODUCTION 


Prior research conducted at the Stevens Institute of Technology [Jagupilla et al 2012a,b; Grubb et al 
2016a,b] revealed that the leaching of a ~0.3 m long, 10.2 cm diameter packed column of <10 mm 
basic oxygen furnace (BOF) steel slag aggregate particles by tap water and acidic metals-laden 
solutions at typical groundwater velocities (~1 m/day) did not reduce the effluent pH of the BOF slag 
packed column below its natural pH of approximately 12.5 for over a 100 pore volumes (PV). This 
was due, in part, to the very strong alkaline buffering capacity of the BOF slag. Grubb et al [Grubb 
et al 2011] showed that the 10 mm minus fraction (BOF slag fines) took 7.5 equivalents of HNO; to 
achieve a neutral pH at a liquid:solid (L/S) ratio of 20:1. The BOF slag was found to contain 
approximately 10-15 wt% lime/portlandite as well as several other Ca, Fe and Mg silicates and oxides 
that produced alkalinity. Since there is anecdotal evidence BOF slag excavated from the internal cores 
of historical dumps and stockpiles dating back to the 1800s and impacted ground water have pH 
values close to its natural pH of 12.0 to 12.5 [e.g. Roadcap et al 2005], this naturally lead to the 
question as to when the pH would significantly drop by water leaching. Accordingly, a study was 
undertaken to intentionally leach a BOF slag sample in attempt to lower its pH near neutrality. This 
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is the first step in an assessment of the potential value of using BOF slag eluate as a possible reagent 
substitute for conventional lime-water or for irrigation purposes, as silicic acid (H4SiOq) is an 
essential source of silica for plant growth and health to improve the blight, pest and drought resistance 
of plants [Datnoff et al 2011]. 


2. MATERIALS & METHODS 


2.1 BOF Slag media 

Freshly crushed, screened, and de-metallized BOF slag fines (< 10 mm diameter) produced at the 
Indiana Harbor East (IHE) Steel Mill in East Chicago, IN, were randomly collected and stored in a 
sealable clean plastic bucket at their natural moisture content. These materials were used as-is for 
column testing. The total and leaching behavior of the BOF slag media is described elsewhere [Grubb 
et al submitted]. 


2.2 Column Experiment 


Two clear PVC columns, end caps and all tubing were fabricated to study the elution history of the 
BOF slag fines in parallel. The column diameter and length were set at 8.5 cm (3.35 in) and 10.4 cm 
(4.09 in), respectively. A schematic and photo of the packed column is shown in Figure 1. 
Preliminary determination of the pore volume (PV) of the packed column was as follows: 500 g of 
BOF slag fines was added to the elution column in a vertical orientation. Next, tap water was slowly 
added and the water-slag slurry was mixed until saturation. The column was then gently tamped until 
all visibly entrapped air bubbles were removed. The volume of water added to reach saturation was 
defined as the PV (60 mL). 


Slag Eluate Effluent 


A 


0.5 kg 3/8”x0 BOF Slag 
Pore volume: 55 mL 
Bulk volume: 270 mL 
EBCT: 15 min 


Sampling port 
L/S: 0.12 L/Kg pe 


Equalization volume: 230 mL 


Influent (tap water) 
Bulk flow velocity: 11.5 cm/min 


~ = ENE 


SLAG ELUATE 


f k TO RESERVOIR Œ 
TAP WATER i 3 


Figure 1. A) Elution system diagram with relevant design parameters. B) Photograph of the 
elution system (front view). Flow direction indicated with blue arrows. 
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A palladium circular screen (mesh size 2 mm) was inserted at 4.05 cm from the bottom of the empty 
elution column to facilitate the uniform egress and flow of the tap water into the packed column. Prior 
slag addition, a filter paper (No.1 Whatman) was placed completely covering the mesh in order to 
avoid solid fines from settling at the bottom. Leak-proof grease and paraffin film were used to secure 
the end caps to the column. The columns were packed with 500 g of pre-wetted BOF slag fines on 
top of the filter paper to facilitate workability and densification. Based on the aspect ratio (H/L) 
considerations, the compacted height of the BOF slag media in the column was 4.76 cm (1.87 in). 


The elution process was conducted in a continuous up-flow mode through use of a peristaltic pump 
(Masterflex® L/STM 7520-10, Cole-Parmer). The eluate from the columns was directed to the 
bottom of equally-sized cylindrical PVC reservoirs. Effluent samples were taken at half the height 
of the reservoir by means of a septum sampling port. An Empty Bed Contact Time (EBCT) of 15 
minutes was used to reliably achieve a target effluent construction of approximately 1000 mg/L Ca 
and pH~12.5 consistent with the equilibrium concentration of Ca from prior column and EPA 1313 
testing [Jagupilla et al 2012b; Grubb et al submitted]. 


Eluate samples (25 mL) were taken at different PV intervals from both packed columns and were 
analyzed for pH, alkalinity, conductivity, and elemental composition (Ca, Si, Al, Fe, Mg, Mn, Na, 
K). pH and conductivity were measured by using a calibrated pH meter (SympHony SP70P, VWR), 
and conductivity meter (FiveGoTM F3, Mettler Toledo). Alkalinity was measured by titration of 
aliquots with 0.1 N H2SO0; to a final pH of 4.5. Elemental composition of the eluate was determined 
by inductively coupled plasma optical emission spectrometer (ICP-OES), on a calibrated ARL 3410+. 
An analytical blank, along with three standards that were made by accurately diluting certified 
standards, were used for calibration. 


3. RESULTS 


The elution history for the two parallel elution systems was recorded for a total running L/S of 
approximately 1573 L/kg (13111 PV) and reported as the averages, as shown in Figure 2. Influent tap 
water elemental concentrations were monitored for the duration of the experiment and used as 
background control, as provided in Table 1. 


Alkalinity changes were described by an initial sharp decreasing profile. High alkalinity (> 1000 mg 
CaCOs;/L) was obtained up to 63 L/kg (526 PV). After 318 L/kg (2650 PV), a plateau was reached 
and minimum changes occur thereafter. A similar trend was observed for dissolved calcium, which 
rapidly decreased from ~870 mg/L to the background level of the influent water (~12.1 mg/L) after 
L/S 150 L/kg (1245 PV). pH decreased from ~12.5 to ~9.7 after 505 L/kg (4212 PV) and stabilized 
at ~9.7 for the duration of the experiment. 


The BOF slag elution history suggests that most of the alkalinity was initially provided by dissolution 
of readily available calcium compounds (e.g. lime and portlandite). Lime (CaO) readily hydrates to 
portlandite [Ca(OH)2] which further dissociates producing the initially very elevated pH (~12.5) and 
Ca concentration observed in Figure 2. As the lime and portlandite are exhausted, this triggers the 
dissolution of many other minerals in the BOF slag, including larnite [Ca2(SiO4)]. Larnite, a major 
constituent of BOF slag (see Table 2), initially hydrates to produce portlandite and the ultimate end- 
products of the dissolution process are OH’, Ca and dissolved silicates such as silicic acid, or H4(Si0a) 
[Roadcap et al 2005; Huijgen and Comans, 2006; de Windt et al 2001; van Zomeren et al 2011], the 
latter of which has a pKa on the order of 9.7 to 9.9. 


This explanation is reinforced by the observed changes in elemental Si concentrations in the BOF 
slag eluate. Silicon concentrations increased then fluctuated between | and 10 mg/L after 260 L/Kg 
(2160 PV). Aluminum concentration was observed at ~ 0.1 mg/L until L/S 260 L/Kg (2160 PV). A 
slightly decreasing profile occurred thereafter. All other analyzed elements (except for aluminum) 
were found within, or below, the concentration range of the influent water for the duration of the 
experiment (see Table 1). 
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Split samples of the BOF slag fines in their “as-received” (virgin) and “exhausted” (exhausted) 
condition after L/S 1575 L/kg (13100 PV) leaching were analyzed by quantitative x-ray powder 
diffraction (QXRD) using the Rietveld (1969) method, the Toxicity Characteristic Leaching 
Procedure (TCLP; EPA Method 1311) and De-ionized water (DIW) leaching by ASTM D3987. The 
raw QXRD results based on the analysis of two replicates are shown in Table 2. The exhausted BOF 
slag fines results may somewhat reflect that the inner core of the larger BOF slag particles (10 mm 
top size) may still resemble its initial composition because it was occluded from the pore solution 
during the extended leaching test. Nevertheless, comparison of the two samples still reveals several 
significant differences in the mineralogy of the virgin and exhausted BOF slag fines by the Student 
t-test with p<0.05. The mineralogical trends suggest that the sequential dissolution of 
lime/portlandite and larnite resulted in the increased formation of amorphous and calcite/vaterite 
(both CaCO3). Aluminum hydroxide [Al(OH)3] also dissolves, further adding to the amorphous 
content. 


2500 
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1 PV=0.12 L/kg EBCT: 15 min 


e Calcium 
2000 + 4 pH 
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mg/L 
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Liquid to Solid ratio (L/kg) 
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Figure 2. (TOP) Average alkalinity (Alk), dissolved calcium and pH of BOF slag eluate with 
increasing L/S ratio. (BOTTOM) Average concentrations of major elements (Ca, Si, Al) of 
BOF slag eluate with increasing L/S ratio. Dotted lines indicate the detection limit (DL) for 

each element. 
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Table 1. Average influent tap water concentrations of major elements (mg/L) and total 
alkalinity (mg CaCO3/L) (n=4). 


Ca Si Mg Na 


K Mn 


Fe 


Alk 


Average 12.10 1.86 1.64 3.33 0.28 <0.001 


St. Dev. 6.62 0.28 0.6 1.69 0.48 - 


<0.007 <0.0625.2 


93 


The mineralogical change correlates well with the dissolved elemental concentration history 
previously presented in Figure 2. Due to the extended elution duration, a significant portion of the 
initial BOF slag was lost. Figure 3 shows the normalized weight percentages of the key minerals 
corrected for the 19.4 wt% mass loss between virgin and exhausted BOF slag fines. To make the 
trends clear in Figure 3, the lime and portlandite contents have been paired because of their linkage 
Also paired are the calcium carbonates (calcite and vaterite) as these are 
polymorphs and constitute the end-products of the carbonation of slag by atmospheric CO2. The loss 
of the residual lime content and carbonation of the BOF slag are unmistakable, as is the loss of larnite, 
very likely by the aforementioned hydration reactions that produce the silicate concentrations 
observed in the Figure 2 and Table 3. 


by direct hydration. 


Table 2 Average QXRD results of virgin and exhausted <10 mm BOF Slag fines (n=2). 


Virgin BOF Exhausted BOF Significant 
Compounds Slag Fines Slag Fines Difference 

Averag Averag 

e SD e SD 

(t-test, 
Mineral Name Formula wt% wt% p<0.05) 
Amorphous Material 40.7 1.8 47.3 0.6 Yes 
Srebrodolskite Ca2Fe205 13.4 0.6 14.5 0.1 No 
Larnite Ca2Si04 10.9 0.1 7.8 0.0 Yes 
Portlandite Ca(OH)2 6.0 0.0 0.6 0.0 Yes 
Wuestite FeO NI 0.1 6.1 0.4 No 
Magnesioferrite MgFe204 5.6 0.3 6.4 0.0 No 
Calcite CaCO3 4.2 0.1 7.1 0.4 Yes 
Nordstrandite/Gibbsi 
te Al(OH)3 4.2 0.4 1:2 0.1 Yes 
Ca2(Mg0.75A10.25)(Sil.75A10.25 
Akermanite 07) 2.9 0.1 3.1 0.8 No 
Magnesium Iron 
Oxide Fe0.23Mg0.770 2.2 0.1 2.6 0.1 Yes 
Vaterite CaCO3 1.7 0.1 1.6 0.0 No 
Lime CaO 1.3 0.1 1.1 0.0 No 
Periclase MgO 1.2 0.4 0.5 0.1 No 
Hydrotalcite Mg6A12(CO3)(OH)16-4(H20) 0.5 0.2 0.2 0.3 No 
Quartz SiO2 0.3 0.1 0.3 0.1 No 
Sum 100.2 0.1 100.2 0.1 


Notes: wt% = percent by dry weight based on averages. 
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Figure 3 Mineralogical comparison of virgin and exhausted BOF slag fines (<10mm fraction) 
after a running L/S of 1575 L/kg (13100 PV) of water flow, corrected for mass loss (19.4 
wt%). P = Portlandite, L = Lime, V = Vaterite, C = Calcite. 


Table 3 shows the TCLP for the virgin and exhausted BOF slag fines samples as well as the DIW 
leaching of the exhausted BOF slag fines by ASTM D3987 for the EPA Target Analyte List (TAL) 
metals, less mercury (Hg), as it typically occurs at <0.5 mg/kg in BOF slag [Proctor et al 2000]. The 
RCRA metals limits are shown for comparison to illustrate the both the virgin and exhausted BOF 
slag fines are non-hazardous. The TCLP data suggest that the BOF slag fines are exceptionally clean 
from an environmental perspective and compare very well with the TCLP data of other US BOF slag 
[Proctor et al 2000], in either the virgin or exhausted form. 
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Table 3 Leaching comparison of virgin and exhausted <10 mm BOF slag fines after approximately 13100 PV tap water leaching (L/S ~ 1575). 


Virgin BOF Slag Fines Exhausted BOF Slag Fines Exhausted BOF Slag Fines 

RCRA (TCLP) (TCLP) (ASTM DI Water) 
Constituent Symbol (mg/L) Replicate1 Replicate 2 Average Replicate 1 Replicate2 Average Replicate 1 Replicate 2 Average 
post-extraction pH 
(SU) - 12 12.6 12.7 12.7 10.7 10.8 10.8 10.7 10.9 10.8 
Metals (mg/L) 
Aluminum Al 0.90 J 0.46 J 0.68 J 0.79 J 0.48 J 0.64 J 0.17 J 0.17 J 0.17 J 
Antimony Sb 0.0014 J 0.0011 U 0.0013 J 0.0011 U 0.0011 U 0.0011 U 0.00080 UJ 0.00080 U 0.00080 UJ 
Arsenic As 5 0.0027 U 0.0027 U 0.0027 U 0.0027 U 0.0027 U 0.0027 U 0.00040 U 0.00040 U 0.00040 U 
Barium Ba 100 0.13 0.56 0.35 0.045 0.93 0.49 0.0046 B 0.0074 B 0.0060 B 
Beryllium Be 0.00043 U 0.00043 F1F2 0.00043 U 0.00043 U 0.00043 U 0.00043 U 0.00010 U 0.00010 U 0.00010 U 
Cadmium Cd 1 0.0010 U 0.0010 U 0.0010 U 0.0010 U 0.0010 U 0.0010 U 0.00010 U 0.00010 U 0.00010 U 
Calcium Ca 1300 1500 1400 680 750 715 68 75 F1 72 
Chromium Cr 5 0.0099 0.0077 0.0088 0.038 0.034 0.036 0.050 B 0.046 B 0.048 B 
Cobalt Co 0.00032 U 0.00032 U 0.00032 U 0.00032 U 0.00032 U 0.00032 U 0.00010 U 0.00010 U 0.00010 U 
Copper Cu 0.0060 U 0.0060 U 0.0060 U 0.021 0.011 J 0016 J 0.028 B 0.026 B 0.027 B 
Iron Fe 0.12 J 0.12 U 0.12 J 0.31 J 0.12 U 0.22 J 0.12 U 0.12 U 0.12 U 
Lead Pb 5 0.0022 J 0.0037 J 0.0030 J 0.0034 J 0.0021 J 0.0028 J 0.00010 U 0.00012 JB 0.00011 J 
Magnesium Mg 1.3 0.38 J 0.84 J 3.7 3.0 3.4 0.13 U 0.13 U 0.13 U 
Manganese Mn 0.0077 J 0.0046 U 0.0062 J 0.055 0.038 0.047 0.0035 BJ 0.0020 JB 0.0028 JB 
Nickel Ni 0.0011 U 0.0011 U 0.0011 U 0.0011 U 0.0011 U 0.0011 U 0.00050 U 0.00050 U 0.00050 U 
Potassium K 4.2 B* 3.8 B 4.0 B* 2.7 JB* 2.8 JB 2.8 JB 0.41 U* 041 UFI* 0.41 U* 
Selenium Se 1 0.021 U 0.021 U 0.021 U 0.021 U 0.021 U 0.021 U 0.0019 JB 0.0021 B 0.0020 JJB 
Silicon Si 1.3 1.1 1.2 39 38 39 20 18 F1 19 
Silver Ag 5 0.00043 U 0.00043 U 0.00043 U 0.00043 U 0.00043 U 0.00043 U 0.00080 U 0.00080 U 0.00080 U 
Thallium Tl 0.0012 J 0.00068 J 0.00094 J 0.00065 U 0.00065 U 0.00065 U 0.00080 U 0.00080 U 0.00080 U 
Zinc Zn 0.019 J 0.21 0.11 J 0029 J 0.49 0.26 J 0.0052 U 0.0052 U 0.0052 U 


TCLP = Toxicity Characteristic Leaching Procedure, EPA 1311. , RCRA = Resource Conservation and Recovery Act. , "B" flag = Compound was found 
in the blank and sample. , "F1" flag = MS and/or MSD Recovery is outside acceptable limits. , "F2" flag = MS/MSD RPD exceeds control limits, "J" 
flag = Result is less than the RL but greater than or equal to the MDL and the concentration is an approximate value. , "U" flagged = The analyte was 
analyzed for, but was not detected above the reported sample quantitation limit. * = LCS or LCSD is outside acceptance limits. 
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Numerically, the TCLP results of the exhausted BOF slag sample are very similar to the virgin sample 
except for the lower pH (~2 units), dissolved Ca (50% less), dissolved Cr and Mg (~4x more) and 
dissolved Si (30x more). The DIW water extraction results on the exhausted sample show much less 
dissolved Ca, Mg and Si but slightly more Cr than the TCLP results for essentially the same pH. 
Compared to the virgin sample, many of the dissolved concentrations of the amphoteric metals (e.g. 
Cd, Pb, Zn) and oxyanions (e.g. As, Se) are significantly less than the virgin sample TCLP results 
due to pH solubility-controlled behavior. 


4. CONCLUSIONS 


This paper summarizes the elution history of packed BOF slag fines (<10 mm diameter) after a 
running L/S of 1573 L/kg (13111 PV) and an EBCT of 15 min. pH >12 persisted to about L/S <77 
L/Kg (580 PV), then monotonically decreased until residual portlandite/lime was leached out. pH 
plateaued thereafter, likely due to buffering effect of silicic acid (pKaiquasios) ~ 9.8). High alkalinity 
(>1000 mg CaCOs;/L) was obtained up to a L/S 63 L/Kg (PV 526). Minor changes occurred after 318 
L/kg (2650 PV), with values approaching that of the influent tap water (~25.2 mg CaCO3/L). Calcium 
leaching trend followed pH and alkalinity profiles. After L/S 150 L/Kg (1245 PV), calcium 
concentration approached the background level of the influent tap water (~12.10 mg/L). 


Dissolved silicon increased and remained steady between | and 10 mg/L after 150 L/Kg (1245 PV). 
Silicon concentrations after L/S 260 L/Kg (2160 PV) were likely governed by silicic acid, since pH 
~ Pka; ~ 9.8. Aluminum concentrations were observed at ~ 0.1 mg/L until L/S 260 L/Kg (2160 PV). 
A slightly decreasing profile occurred thereafter. No other analyzed element was detected at relevant 
levels. The mass loss of BOF slag fines after the experiment resulted in 19.4 wt%. Based on the 
QXRD data, the sequential dissolution of lime/portlandite and larnite are suggested to be the dominant 
processes driving changes in alkalinity, pH, and aqueous elemental composition. Aluminum 
hydroxide [Al(OH)s] also dissolved, further adding to the amorphous content. The TCLP data suggest 
that the BOF slag fines are exceptionally clean from an environmental perspective. Compared to the 
virgin fraction, the exhausted BOF slag fines leached significantly less amphoteric metals and 
oxyanions, due to pH solubility-controlled behavior. 


The fact that neutral pH was not achieved at the end of the experiment indicates the remarkable 
capacity of BOF slag fines in generating high-pH, environmentally clean eluate for extended 
liquid:solid ratios. These properties make BOF slag eluates an attractive alternate for lime water 
solutions. 
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Abstract 

This paper reports on the development and prototype testing of a Reactive Geocomposite Mat or RGM 
that allows for passive treatment of impacted water is both the cross-plane and in-plane directions. 
The RGM was fabricated of and Enkadrain™ core and reactive media sandwiched between two non- 
woven geotextiles. For illustrative purposes, a testing program was carried out to evaluate the 
potential removal of orthophosphate at typical stormwater concentrations (1 mg/L) using a 
proprietary phosphorus removal media (PRM-1). As-received PRM-1 was tested in the RGM 
configuration to assess the response in PO, removal, total dissolved solids (TDS) and total suspended 
solids (TSS) as a function of the hydraulic residence time (HRT). Overall, the PRM-1 was able to 
achieve greater than 90% removal of dissolved PO concentrations at HRTs greater than 30 seconds. 
Total PO4 removal was greatest (near 55%) at an HRT of 60 seconds. It was hypothesized that a 
majority of the dissolved PO; transforms to a colloidal form at HRTs >30 seconds, but are kinetically 
or physically limited from precipitating out of solution. Below a 30-second HRT, the RGM was 
overwhelmed and PO, removal significantly decreased, with an increasing percentage of the total 
POs found in the dissolved form. TDS concentrations remained under secondary drinking water 
criteria (500 mg/L) while TSS was below 14 mg/L throughout the test. 


Keywords: Passive treatment, geocomposites, mats, water treatment, phosphorus removal 
1. INTRODUCTION 


About 15 years ago, CETCO (www.cetco.com) introduced their Reactive Core Mat (RCM™) product 
line which primarily features the use of granulated organoclay (about 1 lb/ft?) between two needle- 
punched nonwoven geotextiles (NWGTs) as a flexible mat for use in sediment capping applications 
to eliminate the migration of hydrocarbons (including free product) perpendicular to the roll direction 
of the mat (cross plane direction). The RCM base technology enabled other (relatively soft) reactive 
media to be placed between the NWGTs prior to needle punching such as granular activated carbon 
(GAC) and apatite, the latter of which was intended to immobilize heavy metals. These thin layered 
mats are less than 25 mm (1-inch) in thickness, meaning they de facto treat water in only the cross- 
plane direction, or Z direction shown in Figure la. However, a major fabrication limitation of needle- 
punching is that hard, granular media cannot be incorporated into the RCM platform because the 
needle boards would require frequent change out due to the breakage and dulling of needles. 


A second major technology platform for reactive treatment and sediment capping applications is 
currently offered by Aquablok (www.aquablok.com). Aquablok uses a composite particle approach 
without geosynthetics for treating impacted and upwelling waters into streams, rivers, estuaries, etc. 
The composite particles typically have a hard, quarried aggregate core serving as ballast (to prevent 
erosion) coated by either high swelling clays (Aquablok; for permeability reduction) or reactive 
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coatings (Aquagate; for water treatment as a granular media) whose chemistries can be tailored to the 
remedial challenge. In many cases, Aquagate is placed directly on the sediment surface by itself to 
treat water in the cross-plane direction. However, this can lead to large treatment layer thicknesses 
depending on the mass loading of contaminants, necessary reaction times, etc. However, thin 
drainage blankets of Aquagate (typically 5 to 15 cm) with long flow paths can be created by placing 
an upper layer of Aquablok above the Aquagate except for intentionally day-lighted sections at the 
offshore edges of the application area to enable treated water to enter the water column and to 
dissipate upwelling water pressures. However, while it enables in-plane flow (X and Y-directions, 
Figure 1a), the Aquablok system does not incorporate geosynthetics whatsoever, but the layering 
approach is typical for the creation of horizontal and sloped reactive lenses of porous media in 
remedial engineering. The authors are not aware of another pre-fabricated geocomposite system akin 
to the RCM that can enable in-plane flow. 


a) 
Figure 1. a) Reactive geocomposite mat (RGM) design showing cross-plane (Z) and in-plane 
(X,Y) flow directions. b) Cross section showing reactive media (black polygons) embedded in 
Enkadrain core heat bonded to outer geotextiles. 


This paper reports on a new generation of thin layer mats for treating impacted waters which may be 
placed in a variety of settings. The Reactive Geocomposite Mat or RGM is a US patent pending 
technology that is comprised of an Enkadrain™ core heat-bonded to opposing woven or nonwoven 
geotextiles with opening sizes selected based on the reactive aggregates used. Intermingled on both 
sides of the Enkadrain are single or various granular, porous reactive media that are trapped in place 
due to the irregular 3D waffle-board or egg-carton like mesh of the Enkadrain, see Figure 1b for 
cross-section. The incorporation of the Enkadrain™ in the RGM imparts two major engineering 
advantages over the current offering of pre-fabricated geosynthetic mats: 1) it enables in-plane flow 
in the X,Y directions as shown in Figure 1a; and, 2) its particle entrapment enables the RGM to be 
used in both sloped and vertical orientations without risk of the reactive media moving or slumping 
within the RGM to the bottom of the profile. Moreover, depending on the challenge, one (or both) 
of the geotextiles may be switched to a geomembrane to redirect cross-plane (Z) water flow to in- 
plane (X,Y) flow. 


Photos of an RGM prototype are shown in Figure 2a wherein a hard aggregate material (grey) with 
a top size of 9.5 mm (3/8-inches) is nested on both sides of a 20-mm thick Enkadrain™ core (white) 
sitting atop a lower 4-ounce non-woven geotextile (NWGT) (black). Figure 2b shows the final 
prototype after heating bonding of a second, upper NWGT to the topmost asperities of the 
Enkadrain™ core. 


1105 


Water and wastewater treatment and management 


One potential application for the RGM would be to use it as a thin layer mat to aid in the rapid removal 
of phosphorus from agricultural runoff and stormwater sources, and/or roof gardens etc. According, 
to demonstrate the potential efficacy and use of the RGM, a RGM profile containing phosphorus 
removal media (PRM-1) was tested in the cross-plane direction, as this would be the shortest flow 
path for prototype testing. 


Figure 2. Photo showing PRM-1 aggregates nested within Enkadrain core atop 4 ounce 
polypropylene nonwoven geotextile (NWGT) (left). Final prototype after heat bonding of top 
NWGT (right). 


a : 


2. MATERIALS & METHODS 


2.1 Materials Characterization 

PRM-1 is a mixture of Ca-Mg-Fe silicates and oxides (including lime) comprised primarily of hard 
sand-sized particles. A photograph of the as-received PRM-1 (Figure 3) provides an indication of the 
grain size and consistency of the material. 


Percent Passing 


10 1 0.1 0.01 


Particle Diameter (mm) 


Figure 3. Photo (left) of PRM-1 aggregate and grain size (right). 


The PRM-1 was homogenized and a subsample having a representative particle-size distribution was 
collected for analysis of moisture content and loss on ignition (LOI) by ASTM D2974. A moisture 
content of 6.33% and LOI of 2.39% were measured for the PRM-1 media. A 1 mg/L phosphate 
solution was made in 75-L batches using dechlorinated tap water and sodium phosphate dibasic 
heptahydrate (Na2HPOq : 7H20, ACS grade). The POs solution was analyzed for total PO4 and ortho- 
POs prior to contact with PRM-1. 


2.2 RGM Column Testing 

The test column consists of a 25 cm (10-inch) diameter PVC column with a single end cap and central 
drain to release PO4-impacted water sprayed over the RGM. The RGM was composed of PRM-1 
deployed within a 20-mm Enkadrain core and confined by 4-ounce NWGT. PRM-1 was inserted at a 
density of 4 pounds per square foot (lb/ft?) or approximately 19.5 kg/m”. As shown in the Figure 4, 
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the RGM was supported by a two-dimensional geogrid and addition drainage support, and weighed 
down with a 1-inch layer of polypropylene beads, which also promoted an even distribution of flow. 
The individual layers are shown as an exploded view in Figure 5. To mitigate the potential for 
channeling, the effluent discharge was raised to a height equal to that of the upper RGM, maintaining 
saturated conditions within the mat. 


fe wp | 


z ae 


Shower Head Manifold (0.2 to 0.6 gpm/‘ft?} 


ae: PVC Column 


Polypropylene Beads (typ) 


Peristaltic 
Pump ~ XTS Reactive Geocomposite Mat (RGM) 


Drainage Support 


End Cap 


Foot! Pedestal 


Polypropylene Beads 


4 oz. Non-woven Geotextile 
Enkadrain Core 

PRM- (4 Ibs’tt*) 

4 oz. Non-woven Geotextile 
Two-Dimensional Geognd (GG) 
Drainage Support 


Figure 4. Schematic of High Flow Reactive Geocomposite Mat (RGM) Testing Device. 


aoe 


4. From left to right: Drainage 
support (white), geogrid support (black), lower 4-oz NWGT (black), Enkadrain (white), upper 
4-0z NWGT (black) and sample tray with plastic beads (white) and PRM-1 (grey). 


A total of 225 L of fluids were delivered to the top of the RGM through a rain-shower head during 
testing. The first 25 L was tap water to set a baseline, while the remaining fluid was the PO4-impacted 
water (1 mg/L PO). The fluids were delivered at various HRTs, including 30 seconds (25 L of tap 
water followed by 50 L of impacted water), 60 seconds (100 L impacted water), and 20 seconds (50 
Limpacted water), which correspond to flow rates of 0.8, 0.4, and 1.2 L/minute, respectively. Effluent 
samples (500 milliliters) were collected for every 5 L of effluent, then submitted for analysis of pH, 
dissolved (ortho-) POs, total POs, TDS, and TSS. 


2.3 Chemical Analysis 

pH, total PO4, TSS, and TDS measurements were not filtered prior to submission for analysis, while 
ortho-PO4 samples were filtered through a 0.45 um syringe filter. pH was measured immediately after 
collection using a Thermo Scientific Orion 3 Star pH benchtop meter. Total PO4 and ortho-PO4 were 
analyzed via USEPA methods 365.4 and 365.1 respectively. TSS and TDS were measured following 
Standard Method 2540 D and C, respectively. Standard analytical quality assurance/quality control 
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(QA/QC) procedures were followed for all chemical analyses, which includes analysis of method and 
analytical blanks, evaluation of initial and continuing calibration standards, and assessment of mass 
recovery from spiked analytical samples. 


3. RESULTS & DISCUSSION 


Effluent pH is plotted in Figure 6. pH was the highest (12.0) in the first effluent tap water sample, 
and gradually decreased to a pH of 11.5 over the first 75 L of effluent (equivalent to 188 pore volumes, 
or 81.4 liquid-to-solid (L/S) ratios. The pH then increased to 11.9 when the HRT was increased to 60 
seconds, and gradually decreased with increasing L/S. When the HRT was decreased from 60 seconds 
to 20 seconds at an L/S of 190, the pH decreased from 11.5 to 11.0 within one 5-L sample interval, 
then continued to decline for the remainder of the test. The final effluent pH was 10.7. 


The effluent ortho-PO4 concentration and removal trends are shown in Figure 7 and Figure 8, 
respectively. Ortho-PO4 removal was greater than 93 percent at HRTs of 30 and 60 seconds, but 
rapidly decreased at an HRT of 20 seconds, as the flow rate likely overwhelmed the treatment kinetics. 
Total PO4 removal (Figure 9 and Figure 10) also increased with increasing HRT, however, overall 
removal was much lower than dissolved PO4. An average total PO4 removal of 36%, 55%, and 24% 
was measured at HRTs of 30, 60, and 20 seconds, respectively. Total PO4 was not detected (<0.153 
mg/L) in the tap water flushes at the initiation of column testing, and therefore, was not being released 
from the PRM-1. These results suggest that at HRTs of 30 seconds or greater, dissolved POs partially 
transformed to colloidal PO4 and remained suspended in the effluent flow, while the remainder 
precipitated out of solution. The steady increase of ortho-PO4 concentrations under the 20-second 
HRT while total PO, was nearly constant indicates that the total mass of POs that precipitates out of 
solution is primarily a function of the HRT, but the ratio of dissolved to colloidal POg is not fixed 
under a single HRT. 


Trends in TDS are presented in Figure 11. Immediately after initiation of flow with tap water, TDS 
values were near 550 mg/L, and rapidly decreased below the secondary drinking water standard (500 
mg/L) within an L/S of 10. Concentrations continued to decrease until an L/S of 40 was reached. 
Here, the TDS appeared to stabilize at a concentration of 250 mg/L until the HRT was increased to 
60 seconds. It is not clear why the TDS values initially rebounded when the HRT was doubled from 
30 to 60 seconds, but the system gradually stabilized to 250 mg/L again. The 20 second HRT data 
suggests that water was passing through the RGM without significant reaction. Although an increase 
in TDS was associated with the longer HRT (60 seconds), concentrations at all points were below the 
secondary drinking water criteria after a short-lived initial flush. 


30s HRT 60s HRT 20s HRT 


+ 
eee eoeoeoeoe 
* 


+. 
e+e 
+ 


pH (SU) 


PO, =1 mg/L 

pHo = 7.25 
1PVRGM=04L 
RGM = 0.922 kg PRM-1 


0 50 100 150 200 250 
L/S Ratio (<9.5 mm PRM-1) 


Figure 6. Effluent pH from RGM in Vertical Cross-Plane Flow Format for Different 
Hydraulic Residence Times (HRTs). 
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Figure 7. Effluent Ortho-PO4 (Dissolved) Concentrations from RGM in Response to 
Simulated Rain Event. 
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Figure 8. Removal of Ortho-PO4 by RGM in Response to Simulated Rain Event. 
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Figure 9. Effluent Total POs Concentrations from RGM in Response to Simulated Rain 
Event. 
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Figure 10. Removal of Total POs by RGM in Response to Simulated Rain Event. 
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Figure 11. Effluent Total Dissolved Solids (TDS) Concentration from RGM in Response to 
Simulated Rain Event. 


TSS trends are presented in Figure 12. The TSS concentration was scattered, but many samples had 
a concentration below the reporting limit of 6.3 mg/L. On average, the samples collected at a 30s 
HRT were near 1.8 mg/L greater than those at the 60s HRT, while all samples under the 20s HRT 
were below the reporting limit. These trends match the PO, data well, with total PO4 (believed to be 
predominantly in colloidal form at HRTs > 30 seconds) at 30 seconds being slightly greater than at 
60 seconds, and an overall decrease of colloidal POs under an HRT of 20 seconds. 
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Figure 12. Effluent Total Suspended Solids (TSS) Concentration from RGM in Response to 
Simulated Rain Event. 


4. CONCLUDING REMARKS 


This testing program was carried out to evaluate potential enhancements offered by the preferential 
use of PRM-1 in an RGM. As-received PRM-1 was tested in the RGM configuration to assess the 
response in PO4 removal and other pertinent parameters (TDS and TSS) when HRT changes. 


Overall, the PRM-1 was able to achieve greater than 90 percent removal of dissolved PO4 
concentrations at HRTs greater than 30 seconds. Total PO4 removal was greatest (near 55%) at an 
HRT of 60 seconds. It is hypothesized that a majority of the ortho-POx transforms to a colloidal form 
at HRTs >30 seconds, but are kinetically or physically limited from precipitating out of solution. 
Below a 30-second HRT, the RGM was overwhelmed and PO, removal significantly decreased, with 
an increasing percentage of the total PO, found in the dissolved form. TDS concentrations remained 
under secondary drinking water criteria (500 mg/L) while TSS was below 14 mg/L throughout the 
test. 


Ongoing research with the RGM is being conducted at the Arizona State University Center for Bio- 
mediated and Bio-inspired Geotechnics (ASU-CBBG) where PRM-1 is being paired with 
biologically active organic media to enable the joint removal of phosphorus and nitrogen in an effort 
to develop an RGM that can aid in the rapid removal of nutrients to streams, rivers and estuaries to 
prevent bacterial and algal blooms. The organic media will also aid in pH buffering. 
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Abstract 

Over the past few years, a number of natural phenomena such as earthquakes, greenhouse effect, 
floods and fires have been taking place, for which reference is made in the present work. Due to the 
fact that fires can often be catastrophic, various techniques are being applied for their control, which 
usually are based on the evolution of technology. Thus, the present work examines and designs fire 
protection plans using treated wastewater originating from the Wastewater Treatment Plant of Patras. 
By means of this system, the negative effects of the fire are significantly reduced and at the same time 
the environment is adequately protected and the ecosystem are not subjected to the adverse and 
harmful effects of the sea and lake, water use, which is used to extinguish the fires. In fact, in the 
present study, the area that studied was the Industrial Park of Glafkos Patra, where the fire hydrants 
were fed with the treated water with the assumptions that were made on the basis of the design of the 
fire safety system. The relevant results and the various computational methods used for the 
completion of this study were listed accordingly. 


Keywords: Fire; fire safety systems; fire detection; Fire brigade; fire hydrants. 
1. INTRODUCTION 


Fire is one of the most important inventions of humanity which plays an important role in today's 
scientific successes. On the other hand, it can be so damaging to the extent that it can wipe out an 
entire ecosystem. 


To deal with the above phenomenon, man devised various techniques and constructed various modern 
means of extinguishing. As time goes by, this phenomenon shows signs of becoming worse and due 
to the fact of the constant evolution of technology and accumulation of thermal load goods, the risk 
of fires are increasing. For this reason, the prevention and suppression of fires is assigned to certain 
services (Bento-Goncalves et al., 2012) as shown in Figures 1 and 2.In Figure 1 below, the fire 
categories and in Figure2, the mission of the Fire Brigade are reported. 
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Figure 1: Fire categories (Fire- fighting side), (Panagiotidis K. G., 2011). 
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Figure 2: Mission of the Fire Brigade. Relationship between Prevention and Repression, 
(Panagiotidis K. G., 2011). 


The severity of the fire delineates how ecosystems respond to fire and it is commonly used to describe 
the effects of fire on soil, the flora and fauna, water, the atmosphere, and even on the society. The 
severity of burning can be categorized as light/-low-, medium- or high-intensity, as it is considered a 
product of fire intensity and duration. It is difficult to determine the relationship between the intensity 
and the severity of the fire, because of some problems that arose by relative research (Hungerford et 
al., 1990). For the treatment of these problems, DeBano et al. (1998) setup the following criteria: 


e Low fire severity: - <2% is burned severely, <15% is burned moderately and the rest is burned 
with low severity or does not burn at all. 


e Moderate fire severity: <10% is burned severely,>15%is burned moderately and the rest is 
burned with low severity or does not burn. 
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e High fire severity: >10% there are areas that are burned with high severity, >80% is burned 
moderately and the rest is burned with low severity. 


A product that can be used as an indicator of the severity of a fire is ash, as it is the material which 
biomass is burned with. Essentially, the ash is the residue a fire leaves. 


Thus, taking into consideration the negative effects of the phenomenon of fire, there is an urgent need 
to find various fire safety and fire extinguishing systems so as, with proper prevention, to achieve 
their complete extinguishing. In Table 1 below, the intensity of fire as a function of temperature is 
given. 


Table 1: Intensity of fire as a function of temperature (Panagiotidis K. G., 2011). 


Intensity of fire Temperature (°C) 
Low up to 800 
Medium 800-1000 
High 1000-1200 


The purpose of fire protection systems is to reduce the risk of fires. Applying the most appropriate 
method or technique, we can create conditions for more effective prevention and suppression of fires, 
always based on the rules of fire protection. 


The present study aims at designing fire protection systems for the Industrial Park of Glafkos Patra, 
which will use the treated wastewater originating from the Wastewater Treatment Plant of Patras. 
This water will be, at the same time, an innovative means for fire- fighting, with the prerequisite that 
it will be utilized properly in fire safety systems for the elimination of fires. 


2. MATERIALS AND METHODS 


2.1 Description of Wastewater Treatment Plant of Patras 

The facilities of Wastewater Treatment Plant (WTP) of Patras are located in «Kokkinos Mylos», in 
the southwestern edge of the Municipality of Patras, a plot of about 80.000square meters (50.000 
square meters’ constructions, 15.000square meters of lawn, 200 trees, 2000 shrubs) and are one of 
the most modern wastewater treatment plants in Greece. It boasts the latest and the most modern 
technology and it has been in operation since 2001. This plant covers the needs of people residing in 
the Municipalities of Patras, Rio, Parallax, Vrachnaika and Messatida. This particular plant solely 
processes urban wastewater (Municipal Corporation Water Supply of Patras). 


The disinfected wastewater is driven to the loading shaft of the underwater pipeline, out falling 
through al000-mm-diameter HDPE, where an average initial dilution of 100 is made for the most 
difficult conditions, and then the wastewater is driven out to the sea. The treated wastewater is 
disposed of in the Patraikos Gulf, at the «Kokkinos Mylos" site. In particular, the treated sewage is 
discharged into the sea at a depth of approximately 35 m with a disposal pipeline of, about 215 m 
long on the earth and about 975 m under the water. It’s important to note that the wastewater treatment 
pipeline from the plant outlet shaft to the recipient shaft is located underground. Also, a part of the 
treated water feeds the industrial water production plant, with the ultimate goal of saving water for 
the operation and irrigation of the plant. Therefore, it covers almost all the plant's requirements in 
industrial water, such as for scrub washing, as well as for the irrigation of the outside area of the 
facility (Municipal Corporation Water Supply of Patras). 
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Figure 3: Location of WTP Patras from a close view (maps.google.com). _ 
2.2 Purpose of the study 
The purpose of this study is the design and develop fire safety systems so as to enable proper use of 
treated water and prevent its disposal in the Patraikos Gulf or in landfills. Ultimately, treated water 
will be used for irrigation, agriculture, fires extinguishing, etc., producing many environmental 
benefits. 


2.3 Installation sites of fire protection systems 

In the context of our study, an installation will be set up, where the treated water will be stored next 
to the Sewage Treatment Plant in "Kokkinos Mylos", in Patra. In this facility reservoir will be built 
to store a part of the treated water from the Wastewater Treatment Plant and the stored water will 
then be fed to the fire hydrants which will be located in the Industrial Park of Glafkos Patras. In 
Figure 4 below, the hydrants network located in the Industrial Park of Glafkos Patras is given, which 
consists of 28 fire hydrants. 
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Figure 4: Hydrants network in the area of the Industrial Park of Glafkos Patras (Google 
Earth). 
1115 


Water and wastewater treatment and management 


2.4 Characteristics of the treated water storage reservoir 

The capacity of the reservoir to be built next to the WTP facilities should cover the operation of the 
28 fire hydrants. Therefore, a concrete reservoir will be constructed in an adjacent site in the 
Wastewater Treatment Plant, with dimensions of 9m x 6m x 4m and a total capacity of 216m?, as 
calculated below. The reservoir will be fed with a 2"pip. 


The reservoir will be accompanied by all the required filling and level control instruments, as well as 
the emergency stop instruments including the inspection port for maintenance and cleaning. 
OSANE CTPA A € SAG. P A 


4 > / ~~ RA 
Figure 5: Reservoir site in the Wastewater Treatment Plant (Google Earth). 
In Figure 5 the reservoir where, the treated water from the Wastewater Treatment Plant will be stored 
to be transferred afterwards to the fire hydrants, shown with a blue square shape, with the help of the 
"red line", which represents the path from the reservoir until the desired height where the hydrants 
are located, the treated water will be transported through pipelines (made of polyethylene). In Figure 


6 below, the path (red line) of the water flow until the fire hydrants is seen. 
ELPRE <n ae a 
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Figure 6.: Pipe transfer route of the treated wastewater from the reservoir to the fire hydrants 


(Google Earth). 
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3. SIMULATIONS — RESULTS 


For the design of the fire safety system it was assumed that at an event of a fire, 3 fire hydrants will 
be opened manually. If a hydrant produces water for two hours with a rate of 10I1t/ sec, then the three 
hydrants will produce water with a rate of 30 It / sec. 

As mentioned above, the pipes to be used for the hydrant network will be made of third generation 
polyethylene for water systems. Assuming that the operating pressure is 16 bar and the outer diameter 
of the tubes is 225 then the wall thickness will be 20.5 (unit). Then, the internal diameter of the 
tubes can be calculated as follows: 


dinter. = 225 — 2*20,5 = 184 mm = 0,184 m 


The provision of m°/ h units to find the water supply speed that comes out of the reservoir can then 
be converted as shown below: 


It lt+ 3.600sec+ 1m? m? 
Q= 30sec} =30 sect 1hr=10?lt = 108 hr 


Therefore, the water supply speed is: 


3 
108 5 108 oe 
Q mD: 314-010 43? m = EE) 
u=A= 4 = 4 = 0,106 hF > u = 4.075,47 hr >u ¥ 1,13sec i; 


Also the volume of the reservoir for duration t = 2hr is calculated as follow: 


lt lt 


According to the above calculations, the dimensions of the reservoir will be 9m x 6m x 4m. and the 
length of the water transfer path to the hydrants is L = 2,102 m (Google Earth). Therefore, it is 
necessary to measure the Pump Manometric, which is indicated below: 
Manometric =Hgeod. + Hiosses+ Hf 
e Hgeod. altitude difference between the reservoir and the fire hydrant at the highest point, 
which is 52-2 = 50 m. 
e  Hiosses are 44 m (1 atm = 10m, 4 atm= 40m, 40m * 1.1 [local losses] = 44m. 


e As to the calculation of the permanent energy losses in the circular cross-section (linear 
losses), the following Darcy-Weisbach equation has been taken into consideration: 


L w 
*— +— 
Hef D Zg (1), 


Where — f: coefficient of friction 
L: cylindrical pipeline length 
D:cylindricalpipeline diameter 

g: 9.81 m/sec? 
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The coefficient of friction f is given by: f = a + bR” (2) (Brater E.F.) 


0,225 
where, a = 0,094 (5) + a) 
b= soD) 
c= wel) 


The Flow Loss Factor f is given by the Moody diagram, as a function of the Reynolds flow number 
and the relative roughness of the pipe: 


E 
F=F(Re,D) Re= 

where, £ = absolute roughness (mm) 

e/ D= relative roughness 

V= kinematic coherence (KatsaprakakisD.AI.) 


From the tables presenting the properties of water, we find the kinematic consistency equal to V = 
1.15 x 10° m7 sec. 


Then the Reynolds flow number is calculated: 
m 
1,13 [+ 0,184 m 
=> 15 x10-6 7 
Re= V Re= Bt? 10% See- = 1,808 x 10° 


Also, the absolute roughness of polyethylene (PE) is ¢ = 0.005cm. So, the relative roughness is 
calculated as: 


c 0,005 mm 
D = 184mm = 2,72x10* 


Substituting the relative roughness for the constants a, b and c, we have: 


0.225 
a = 0,094" (5) + 0,537 (5) 


= 0,094 * (2,72 X107°)°.225 40.53 + (2,72 X 10-5) 
= 8,83 x 10% 4+1,44x 10° = a= 8,84 x 10% 


gist 0 

hs Ta = 88,0 * (272 X 1077) .44 _ g8 * 9,8 x107? > b=0,86 
E 0134 

j= Te = 1,62* (2,72 X 107)”. 134 > 6 = 0,40 

So, by replacing the equation (2) we have? f= a+ bR“ 


f = 8,84x10 + 0,86 * (L808 x10°) 49 _ (8,84 + 7,89) x107 = 
f =0,0156 


So the equation (1) becomes: 
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2 
m 
J 2102m (1135c) 494m _ 
— amn TED a Tn s. E S 
He f* p 2g = 0,0156 9 764 m Ze 9.81 m =-361 He 11,62m 
sec“ iz 


Therefore, Manometric =Hgeoa. + Hiosses+ H= 50m + 44m + 12 m= 106 m 


Consequently, the total height losses are 106 m. Essentially, the required manometric height of the 
pump (energy difference) is the sum of the height difference (= static height difference) and the loss 
of pressure (loss height) in the pipes and fittings. 


In fact, the total manometric is the total pressure produced by the pump to transfer the treated water 
from the reservoir that is too low (with a flow rate of 108 m*/ hr) and to raise it to a height of 106 
meters (where the fire hydrants are located), in order to provide the needed kinetic energy or pressure. 
That is, the pump creates a vacuum which absorbs water and transfers it to the network. 


Thus, the manometric attempts to overcome the altitude differences and the flow of water through the 
pipe (linear and local losses) and operates at a pressure of 4 atm. 


In fact, the pump system is so important because it can transport water through a piping network even 
at very high heights, and in particular, for this study, it’s enabled through an installation which is 
located to the Wastewater Treatment to launch so much water that it can supply 28 fire hydrants 
located in the area of our case study, the Industrial Park of Glafkos Patras. 


In brief, our findings are reported in the table below. 


Table 2: Summary of the study results. 


DESCRIPTION VALUE 
Operating pressure 16 bar 
Outer tube diameter 0225 

Wall thickness of pipes 20,5( units) 
Inner tube diameter 0,184 m 

Provision (Q) 108 m?/hr 

Water supply speed (u) 1,13 m/sec 
Reservoir volume (Vres) 216 mê 
Path length (L) 2.102 m 

Reynolds number 1,808 x 10° 
Relative roughness 2,72 xia 

Total manometric 106 m 


4. DISCUSSION AND CONCLUSIONS 

For everything we mention above and for the proper management of water, the innovation of this 
work is evident. With the design of fire protection systems, wastewater treatment is being utilized to, 
extinguish fires, without inexorably use of water in the network and the sea. Thus, the treated waste 
water originating from the Wastewater Treatment of Patras can be used to extinguish fires and not 
being disposed of in Patraikos Gulf or in landfills. Therefore, many environmental and economic 
benefits are generated, as water scarcity is one of the most important environmental problems for 
many countries in the world. 


Concluding, it should have mentioned that prevention is a profound concept, which relieves us of 
moral, criminal or even administrative responsibilities. For this reason, as the ultimate aim is the 
suppressing of fires, the necessary actions to be taken are as follows: 


e Cleaning of the premises. 


e Appropriate ventilation of the premises. 
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e Storage of flammable materials in separate rooms. 

e Prohibition of open flame in areas of production. 

e Ban on smoking in hazardous areas. 

e Detailed maintenance of electrical installations. 

e Defining safety zones and access roads within production areas, warehouses, forests, etc. 
e Fully inform the public about any appropriate measures. 

e Signaling and flags with special symbols or colors. 

e Instructions (eg. signs with recommendations for the handling of dangerous articles. 

e Communication, alarm, intercom, fire announcement and dehumidification systems. 


Because of the originality of this paper, comparing the results with corresponding results from other 
researches is not easy, but we believe that this will be the trigger for further studies. 
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Abstract 

In recent years, nanomaterials have attracted increasing concern in the sector of water treatment. The 
present study investigates the removal of hexavalent chromium from groundwater using multi-walled 
carbon nanotubes as adsorbent. In order to determine the adsorption efficiency of carbon nanotubes 
batch and column experiments were conducted using groundwater sampled in a heavily polluted area 
in Asopos river basin, Viotia, Greece. Batch experiments were used for investigating the effect of pH, 
the concentration of the adsorbent and contact time on the sorption process. Afterwards, by using up- 
flow column experiments the adsorption capacity of carbon nanotubes for hexavalent chromium was 
determined. Hexavalent chromium desorption from the nanotubes was also tested in order to check 
the reversibility of the process and thus to estimate the potential reusability of the nanomaterial. 
According to the results, the adsorption was found to be a fast process and adsorption capacity was 
increased with decreasing pH values and increasing the adsorbent’s concentration. The desorption 
efficiency of the nanomaterial indicated that carbon nanotubes have promising potential for 
environmental remediation as adsorbing materials. 


Keywords: Multi wall carbon nanotubes, hexavalent chromium, adsorption, groundwater 
1. INTRODUCTION 


Chromium, a heavy metal that naturally occurs in the Earth’s crust, can be found in the environment 
in several oxidation states. The trivalent (Cr(III) and hexavalent (Cr(VI)) are the most common states 
in groundwater. Cr(III) is an indispensable element for the human beings and seems to be much less 
hazardous than Cr(VI), which is reported to cause serious health problems (dermatitis, diarrhea, 
nausea, bronchitis, internal hemorrhage etc) and act as carcinogenic agent (Dehghani et al., 2016). 
Additionally, Cr(VI), which usually occurs as an oxyanion in the form of CrO* and Cr207”, is soluble 
in almost the whole pH range and more mobile than Cr(III) (Zeng et al., 2010). 


Groundwater contamination with Cr(VI) can be either of geogenic or anthropogenic origin. However, 
significantly high concentrations of Cr(VI) in groundwater, even in the range of mg/L, are attributed 
exclusively to anthropogenic activities (Dermatas et al., 2015; Dermatas et al., 2016). Mining, 
electroplating, textile dyeing and leather tanning are some indicative industrial activities which lead 
to accidental or uncontrolled release of chromium to the environment. More specifically, chromium 
concentration may range from 0.5 to 270 mg/l in industrial wastewater and, as a result, high levels of 
Cr(VJI) concentrations can be found in groundwater (Saha et al., 2011; Dermatas et al., 2016). 


In recent years, several methods have been applied for the removal of Cr(VI) from wastewater or 
groundwater, including ion exchange, reduction of Cr(VI) to Crd) prior to precipitation using 
reducing agents, coagulation, solvent extraction, membrane technologies, chemical precipitation and 
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adsorption on natural or synthetic materials (Qureshi et al., 2017; Jung et al., 2013). Among the 
aforementioned techniques, adsorption seems to have many advantages, such as operation simplicity, 
low cost, high removal efficiency, as well as the potential regeneration of the adsorbent (Borna et al., 
2016). The use of nanomaterials as adsorbents results in even higher performance of the process, due 
to their fast kinetics, high reactivity and large specific area (Zhang et al., 2016). 


Carbon nanotubes (CNTs) are a relatively new form of carbon materials that were discovered by 
Tijima (Iijima, 1991). They are allotropes of carbon with a cylindrical structure and can be 
manufactured as single-walled (SWCNTs) or multi-walled (MWCNTs), depending on their number 
of graphite layers (Jung et al., 2013). Their potential for regeneration and reuse is their main 
advantage comparing to common activated carbon and other nanomaterials (Matlochova et al., 2013; 
Gehrke et al., 2015). This property in combination with their high surface area makes CNTs very 
attracting adsorbents. Consequently, CNTs are of the most common and efficient nanomaterials 
employed for removal of heavy metals from polluted water. 


The present study aims at investigating the Cr(VI) removal capacity of MWCNTs from heavily 
contaminated groundwater. The effect of pH, the adsorbent’s concentration and the contact time for 
achieving equilibrium, on Cr(VI) adsorption were tested by carrying out batch experiments. In 
addition, column experiments were performed in order to investigate the potential of using CNTs at 
up scaling applications for the treatment of such Cr(VI) contaminated groundwater. 


2. MATERIALS AND METHODS 


2.1 Miulti-walled carbon nanotubes (MWCNTs) characterisation 

The MWCNTs used in the present study were provided by Glonatech S.A. (Greece). They are 
produced by the chemical vapor deposition (CVD) method. The morphology of MWCNTs was 
analyzed by scanning electron microscopy (SEM) (JEOL FEG 7401F). A thermogravimetric analysis 
(TGA) was also performed using a Perkin Elmer 4000 instrument, in order to estimate the purity and 
the thermal stability of the material. Finally, for the determination of point of zero charge (PZC) 
different amounts of MWCNTs (0.01, 0.1, 1, 5, 10, 20 % wt) were suspended in 0.1 M NaCl solution 
and the solution pH was measured after 24hr of contact time. 


2.2 Batch experiments 

Batch experiments were performed to investigate Cr(VI) sorption behavior on MWCNTs using 
Cr(VI) contaminated groundwater sampled from Inofyta area, Greece. Cr(VI) concentration in 
groundwater was equal to 11 ppm. All batch experiments were conducted at room temperature (23°C). 
The samples were placed in an orbital shaker at 200 rpm and after equilibrium they were filtered 
through a 0.45um pore membrane filter (Whatman No 45) and analyzed for Cr(VI) applying the 
7196A (diphenylcarbazide) EPA method. All the experiments were performed in duplicates and mean 
values are reported. 


The effect of pH, adsorbent’s concentration and contact time were investigated. The effect of pH on 
the sorption process was tested in the range of 3-9. pH adjustment was achieved by using HCl and 
NaOH solutions of 0.01M. In this case the contact time was 24 hours and MWCNTs concentration 
was equal to 25g/1. In order to assess the effect of MWCNTs concentration, dosages in the range of 
10 to 50g/l, were used. Two series of experiments using these dosages and different pH values 7 and 
8 were carried out while contact time was kept constant at 24hr. For investigating the effect of contact 
time, Cr(VI) concentration was measured in the range of 15 to 120min. Three series of experiments 
at pH values 7, 8.3 and 9 were carried out. The concentration of the adsorbent was constant at 25g/1. 


The percentage sorption of Cr(VI) was calculated according to the following equation: 


Cae 
A(%) =——£* 100 
Co (1) 
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where Co (mg-L"!) is the Cr(VD initial concentration and Cr (mg-L"') the final Cr(VI) concentration 
in the equilibrium solution 


2.3 Column experiments 

Despite the fact that batch experiments provide important information regarding the adsorption of 
Cr(VI), column experiments are useful for the practical application of this process for the treatment 
of polluted water (Goel et al., 2005). For this reason, three up-flow column experiments were 
conducted by using a column of 135 ml total volume (diameter=3cm, height=19cm) and a peristaltic 
pump for achieving the proper contact time. In the inlet and outlet of the column 0.45 um pore 
membrane filters (Whatman No 45) were placed for filtering groundwater and to avoid leakage of the 
adsorbent. The column was continuously fed with the heavily contaminated groundwater (11ppm 
Cr(VI) concentration) while the pH of the groundwater was adjusted at 4, 7 and 8.3 (three series of 
column experiments). The pH value of 8.3 refers to the pH value of groundwater as measured after 
sampling. For the adjustment of the two other pH values HCl 0.01M was used. The pH value 7 aimed 
at investigating Cr(VI) adsorption capacity of MWCNTs in the case of treating groundwater with 
lower pH, while the pH value 4 at investigating the adsorption capacity of MWCNTs towards 
wastewater that would simulate the physicochemical properties of groundwater. Parameters like 
contact time, flow rate and MWCNTs concentration were constant at all series of experiments and 
equal to 1hr, 0.3ml/min and 40g/L, respectively. 


Finally, in order to check the reversibility of the process column experiments were performed aiming 
at Cr(VI) desorption. The column was continuously fed with NaOH solution 0.1M in order to increase 
the pH of the solution at value around 12. This would cause the desorption of Cr(VI) from the 
carbonaceous material. 


3. RESULTS AND DISCUSSION 


3.1 Characterisation of CNTs 

SEM analysis provides useful information regarding the shape, size and orientation of MWCNTs. 
Figure 1 illustrates that MWCNTs are randomly oriented, significantly tangled and curved. Their 
diameter ranges from 26 to 82 nm. TGA analysis showed that the tested MWCNTs are oxidized 
between 550 and 670 °C in air conditions (Figure 1). The residual verified purity higher than 94%. 
The high thermal stability under oxidative environment is a unique characteristic of MWCNTs 
comparatively with other carbonaceous materials. Regarding pHpzc, it was estimated at 6.32, which 
is in agreement with values reported in other studies (Ai et al., 2011; Pourfadakari et al., 2016). 


Weight (%) 
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Figure 1. SEM image (left) and TGA analysis (right) of the tested MWCNTs. 
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3.2 Results of batch experiments 


3.2.1 Effect of pH on Cr(VI) adsorption 

In this series of experiments the effect of pH on Cr(VJ) adsorption from groundwater was investigated 
using 25 g/L MWCNTs and equilibrium time equal to 24 h. Adsorption efficiency of Cr(VI) 
maximized (100%) for pH values up to 6.3 and decreased sharply for higher pH values reaching 
almost 20% at pH equal to 9 (Figure 2). In the tested pH range (3-9), Cr(VI) exists as hydrogen 
chromates (HCrO.’) at low pH values and chromates (CrO.”) at higher pH values. Cr(VI) adsorption 
is generally attributed to electrostatic forces between Cr(VT) ions and the surface of MWCNTs. It is 
known that functional groups such as -OH and -COOH exist on the MWCNTs surface. For pH values 
lower than the PZC point these groups are protonated causing attraction to the chromium anions and 
thus, enhancing adsorption capacity of the solid surface. In addition, at low pH values possible 
reduction phenomena of Cr(VI) by the functional groups have been reported. On the contrary, for pH 
values higher than the PZC point the surface is negatively charged due to the deprotonation of the 
functional groups causing electrostatic repulsions with chromates, reducing thus the adsorption 
phenomena (Hu et al., 2009; Qureshi et al., 2017; Di et al., 2004). 
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Figure 2. Effect of pH on Cr(VI) adsorption ([(Cr(VD]o=11mg/L, Cmwnts=25¢/L, t=24h) 


3.2.2 Effect of adsorbent’s concentration on Cr(VI) adsorption 

The effect of adsorbent dosage on Cr(VI) adsorption was investigated for two different pH values, 7 
and 8, in the range 10 to 50 g/L (Figure 3). Results showed that adsorption efficiency increased with 
increasing the MWCNTs concentration, independently the pH values. This phenomenon is attributed 
to the higher number of available sites for Cr(VI) sorption with increasing the mass of MWCNTs. 
However, the pH value of the groundwater affected significantly Cr(VI) adsorption since the increase 
was found to be higher for the lower pH value. This can possibly be attributed to the presence of 
enhanced electrostatic attractions at pH 7 than for pH value 8, indicating that the parameter of pH 
plays an important role on Cr(VI) adsorption. More specifically, adsorption increased from 40% to 
100% at pH equal to 7, and from 40% to 88% at pH 8. 


1124 


Protection and restoration of the environment XIV 


%C r(VI), dsorbed 
a 
B> 


0 T T T 
0 5 10 15 20 25 30 
Cents (g/L) 
+ pH=7 E pH=8 
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3.2.3 Effect of contact time on Cr(VI) adsorption 

Figure 4 presents the effect of contact time on Cr(VI) adsorption for three different pH values (7, 8.3 
and 9) in the range of 15-120 min. The results showed that for pH equal to 7 equilibrium is reached 
in almost 15 minutes, while for pH equal to 8.3 and 9 equilibrium in almost 60 minutes. The decrease 
of pH caused a slight decrease at the time needed for achieving equilibrium. However, at all cases the 
time required for equilibrium was much lower than the 24 h used in this study. These low values of 
time required for achieving equilibrium indicate that adsorption mainly occurs only on the surface of 
MWCNTs and probably not to sorption phenomena in the structure of MWCNTs which would 
demand more contact time (Di et al., 2004). In addition, as shown from Figure 4, the effect of pH is 
more significant than the contact time since the adsorption efficiency was found to be controlled by 
pH value. 
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Figure 4. Effect of contact time on Cr(VI) adsorption for three pH values ({[Cr(VI)]o=11 mg/l, 
Cuwnts=25¢/1) 
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3.3 Results of column experiments 

3.3.1 Effect of pH on Cr(VI) adsorption 

The column experiments were conducted using MWCNTs/groundwater (g/L) ratio equal to 40, 
contact time equal to 1 hr and initial Cr(VI) concentration equal to 11 mg/L. Three series of column 
experiments were carried out testing different pH values 4, 7 and 8.3 (Figure 5). The operation of 
each column ended when removal percentage reached almost 10%. At all cases, as operation time 
increased, Cr(VI) removal was gradually decreased indicating the saturation of the MWCNTs 
regarding Cr(VI) removal capacity. At the pH values tested, the total volume of groundwater passed 
through the column was 3.5, 1.1 and 0.6 L, respectively. The corresponding total amount of Cr(VI) 
removed at these cases was 36, 4.7 and 0.7 mg. It is clear that the pH of groundwater plays a crucial 
role regarding the removal capacity of MWCNTs. 
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Figure 5. Cr(VI) adsorption capacity over operation time during column experiment for three 
different pH values ([Cr(VI)]o=11 ppm, contact time=lhr, Cmwnt;s=40¢/I). 


3.3.2 Regeneration of MWCNTs 

In order to verify the reversibility of the adsorption process, column experiments were performed 
aiming at Cr(VI) desorption (Figure 6). The columns were loaded with the material used in each case 
described in paragraph 3.3.1 and were continuously fed with NaOH solution 0.1M which created an 
effluent with pH about 12. This would cause the desorption of Cr(VI) from MWCNTs. The operation 
of the column was stopped since Cr(VI) concentration in the effluent was measured lower than 20 
ug/L. The amount of the base solution used in each case for initial pH 4, 7 and 8.3 was equal to 1.5, 
0.6 and 0.5 L, respectively. The difference of the amount adsorbed in the first step and of the desorbed 
amount of Cr(VI) indicates that the removal mechanism can be attributed to irreversible adsorption 
mechanisms like chemisorption or to possible Cr(VI) reduction after adsorption. Reduction can be 
attributed to the surface functional groups or to the residual catalyst that used in the synthesis process. 
Thus, further investigation is needed in order to determine the exact removal mechanism and 
determine the reusability of MWCNTs for decontamination of Cr(VI) contaminated groundwater. 
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Figure 6. Cr(VI) desorption over operation time for the three tested pH values (contact 
time=1h, Cmwents=40¢/l) 


4. CONCLUSIONS 


The MWCNTs exhibited high adsorption capacity for Cr(VI). Depending on solution pH, MWCNTs 
concentration and contact time, Cr(VI) removal could even reach 100%. The pH estimated as a crucial 
factor on adsorption, since Cr(VI) was maximized for pH values lower than pHPZC and was sharply 
decreased for higher pH values. Increase in MWCNTs concentration led to higher removal percentage 
while the short contact time required for adsorption indicates that MWCNTs are effective adsorbents 
that can be used in practical applications. The crucial role of pH was also verified when performing 
column experiments, since MWCNTs with pH solution equal to 4 adsorbed almost 8 and 50 times 
higher amount of Cr(VI) than MWCNTs with pH equal to 7 and 8.3, respectively. Finally, desorption 
column experiments indicated that only a very small amount of the adsorbed Cr(VI) can be desorbed 
back to the aqueous solution. This phenomenon is possibly due to irreversible adsorption mechanisms 
or reduction of Cr(VI) to CrM). As a result, more investigation is necessary for the determination of 
the exact removal mechanism and the potential reusability of MWCNTs for water treatment 
applications. 
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Abstract 

In early 2000, a research group at Stevens Institute of Technology discovered that nanocrystalline 
TiOz (anatase) with a particle size of about 7 nm had very high adsorption capacity for arsenic, lead, 
and other heavy metals. When the particle size increased from 7 to 30 nm, the adsorption capacity 
decreased dramatically. A patent application was filed in 2002 and a U.S. patent was granted in 2005 
for the invention. This patented nano-crystalline TiO2 shows high performance for heavy metal 
removal in water and consists of anatase with crystalline diameter of 7 nm and specific surface area 
of 330 m’/g. It exhibited much higher arsenic removal ability than other commercial TiO2 materials 
(Degussa P25 and Hombikat UV100, 3.5-22.5 mg/g) (Dutta et al., 2004; Pena et al., 2005a), and was 
effective in removing other heavy metals such as lead, copper, uranium, mercury, chromium, and 
cadmium. This invention became the catalyst for systematic studies of the adsorption mechanisms of 
many heavy metals leading to significant increases in publications on the subject. Before 2003, most 
of researchers used commercial TiO2 (Degussa P25) as photocatalyst for oxidation of organic 
compounds and very few researchers studied its adsorption properties. Degussa P25 is a mixture of 
anatase and rutile with a particle size of 30 nm and a specific surface area of 55 m?/g, compared to a 
specific surface of 330 m?/g for nanocrystalline TiO2 (anatase, 7 nm). It has much lower adsorption 
capacity than nanocrystalline TiO2. From 2003 to 2017, the annual publication rate on heavy metal 
removal by TiO2 has increased from less than 10/yr to more than 90/yr while the annual rate of 
citations of the related papers have increased from 150/yr to about 1900/yr. A commercial entity was 
launched in 2005 to market the nanocrystalline TiO2 product for treatment of arsenic and heavy metals 
in water. The annual sales of the adsorbent have reached $7M in 2017. This paper addresses the 
historical scientific developments of nanocrystalline TiO2 that have taken place over the past 15 years 
and the impact these developments have had on water treatment. 


Keywords: nanocrystalline TiO2; heavy metal; arsenic; adsorption; oxidation; water treatment 
1. INTRODUCTION 


TiOz had been recognized as an effective photocatalyst for treatment of organic compounds for many 
years before it was used as adsorbent for heavy metal removal from water in the research around 
2000. In 1998, studies regarding the Pb** and Cr(VI) adsorption ability of TiO. were reported 
(Hongxiang et al., 1998; Vohra and Davis, 1998). A material consisting of calcium oxalate-coated 
with TiO? layer was tested for Pb** and Hg”* extraction from aqueous solutions (Fu et al., 1998). Lee 
and Choi (2002) reported oxidation of As(III) to As(V) in TiO2 suspension. 


In 2001, a research group at Stevens Institute of Technology synthesized the nano-crystalline TiO2, 
which showed high performance for heavy metal (such as arsenic, lead, and selenium) removal in 
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water. This work led to a patent (Meng et al., 2005) and a 14 publications (Bang et al., 2005; Jing et 
al., 2005a; Jing et al., 2005b; Pena et al., 2005b; Pena et al., 2006; Wazne et al., 2006; Choy et al., 
2008; Jing et al., 2008; Liu et al., 2008; Xu et al., 2008; Jing et al., 2009; Xu and Meng, 2009a; Bang 
et al., 2011; Guan et al., 2012). According to Google Scholar, those publications have been cited by 
other researchers in about 70 countries more than 1650 times. Our study regarding nanocrystalline 
TiO? and the historical perspective of scientific advancements after our work are reviewed in this 


paper. 


2. DEVELOPMENT AND ADSOPRTION PROPERTIES OF THE NANOCRYSTALLINE 
TITANIUM DIOXIDE 


The nanocrystalline TiO2 was synthesized through hydrolysis of titanium solutions under controlled 
temperature (Meng et al., 2005). The transmission electron microcopy (TEM) image in Figure 1 
shows the morphology and size of the primary TiO2 particles. The X-ray diffraction (Figure 2) 
analysis determined that the precipitates were anatase and the average size of the primary crystalline 
particles was about 6.6 nm. The specific surface area of the material was 330 m?/g. It showed 
significantly higher As(III) (37.5 mg/g) and As(V) (59.9 mg/g) removal ability than other commercial 
TiOz materials (Degussa P25 and Hombikat UV100, 3.5-22.5 mg/g) (Dutta et al., 2004; Pena et al., 
2005a). The nanocrystalline TiO2 could also be used for the removal of other heavy metals, such as 
lead, copper, uranium, mercury, cadmium, chromium, and arsenic (Meng et al., 2005). The 
mechanisms of arsenic adsorption by the nanocrystalline TiO2 was investigated with electrophoretic 
mobility (EM) measurements, Fourier transform infrared (FTIR) spectroscopy, extended X-ray 
absorption fine structure (EXAFS) spectroscopy, and surface complexation modeling (Pena et al., 
2006). Both As(V) and As(III) formed bidentate binuclear surface complexes with an average Ti- 
As(V) bond distance of 3.30 A and Ti-As(III) bond distance of 3.35 A. 


Figure 1. Transmission electron microscopy image of nanocrystalline TiO2. 
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Figure 2. X-ray diffraction spectra of nanocrystalline TiO2. 


Further research was performed to study and effect of the nanocrystalline TiO2 size on the adsorption 
properties (Xu and Meng, 2009b). The anatase TiO2 samples with crystallite size of 7.0, 10.5, 14.8 
and 30.1 nm were prepared by calcining the 6.6 nm TiOz at 200, 350, 500, and 700 °C for 3 h. The 
crystalline size the nano TiO2had significant effect on the As(III) and As(V) removal. With increasing 
size, the specific surface area, pore volume and surface -OH density decreased, and the average pore 
diameter increased. The As(III) and As(V) removal ability of TiO2 decreased significantly with the 
increase of crystalline size (Figure 3). The amount of adsorbed As(V) decreased from 26.5 to 1.7 mg- 
As/g when the crystalline size of TiO2 increased from 6.6 to 30.1 nm. The size effect was mainly 
attributed to the reduced specific surface area and surface -OH density. 
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Figure 3. Size effects of nanocrystalline TiO2 on As(V) and As(IID removal, 1g/L TiOz in tap 
water, 50 mg-As/L, mixed for 1 hour, pH=7.0 + 0.1. 


3. PROGRESS IN TITANIUM DIOXIDE RESEARCH 

Since the Stevens group reported the effective removal of arsenic by nanocrystalline TiOz2 in early 
2000s, many researchers have made significant progress, such as development of TiO2 composite 
adsorbent, treatment of other heavy metals with TiO2, and synthesis of TiO2 with specific facets and 


high adsorption capacities. 
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3.1 Treatment of other heavy metals using TiO2 

The application of nanocrystalline TiO2 was extended from arsenic and uranium to other heavy metal 
removal (Table 1). For example, Engates and and Shipley (2011) synthesized TiO2 nanoparticles with 
the specific surface area of 185.5 m?/g. They further compared the performance of heavy metal 
removal by nano and bulk TiO: (size of 329.8 nm, and surface area of 9.5 m?/g). The results indicated 
much higher lead (Pb**, 83.1 mg/g), zinc (Zn?*, 15.3 mg/g), and nickel (Ni**, 6.8 mg/g) removal by 
nano TiO» than bulk TiO»? (64.7, 6.2, and 3.7 mg/g for Pb?*, Zn*, and Ni**, respectively). 


Moreover, a commercial nanostructured TiO2 (10-15 nm) from was proved to be able to remove 
selenite (Se(IV) and selenite (Se(VI) effectively at pH 2-6 (Zhang et al., 2009). Zhao et al. (2009) 
synthesized nanohybrid WO3/TiOz2 by a sol-gel method with titanium alkoxide and phosphotungstic 
acid (H3PW 12040) as precursors. The WO3/TiO2 consists of WO3 clusters on nano TiO2 (15-20 nm) 
and performed well for silver (Ag*) removal. Additionally, different nanocrystalline TiO2 with a size 
range from 40-150 nm was synthesized and successfully used for antimony (Sb) removal (Song et 
al., 2017; Yan et al., 2017). 


Table 1. Nanocrystalline TiO2 used for other heavy metals removal. 


Crystalline size of TiOz Heavy metals Published Reference 

(nm) year 

8.3 Ni**, Zn” 2011 (Engates and Shipley, 2011) 

10-15 Se(IV), Se(VD 2009 (Zhang et al., 2009) 

40-150 Sb(VI) and 2017 (Song et al., 2017; Yan et al., 
Sb) 2017) 

15-20 Ag* 2009 (Zhao et al., 2009) 


3.2 Nanocrystalline TiO2 based composite adsorbents 

After the good performance of TiO2 for heavy metal removal was reported, numerous studies were 
reported regarding composite materials by doping nanocrystalline TiO2 on other well-known 
adsorbents. Widely used composites are TiO2-coated carbon-based materials, including graphene 
(Wang et al., 2017), graphene oxide (Lee and Yang, 2012), carbon nanotube (Doong and Chiang, 
2008), and chitosan (Tao et al., 2009; Samadi et al., 2014). The synthesized composite materials 
showed good removal performance for Zn**, Cd**, Pb?*, Hg”, Fe**, Cr(VI), As(V), and As(IID). 
Moreover, TiO2 was also composited with other metal oxides for heavy metal removal. Slag-iron 
oxide and WO; were synthesized in the presence of Ti(IV) solution, and tested for removal of Ag*, 
Cr(VD, Hg”*, and As(V) removal (Zhang and Itoh, 2006; Zhao et al., 2009). 


Table 2. Composited adsorbents based on nanocrystalline TiO2 for heavy metal removal 


Adsorbents Heavy metals Published year Reference 

TiO -Fe203 As(IIT) 2006 (Zhang and Itoh, 2006) 
TiO2-carbon nanotube Cu% 2008 (Doong and Chiang, 2008) 
Ti02-chitosan Pb** 2009 (Tao et al., 2009) 
Ti0O2.-WO3 Cr(VI), Hg”*, Agt 2009 (Zhao et al., 2009) 
TiO2-graphene oxide Zn?*, Cd**, Pb™ 2012 (Lee and Yang, 2012) 
TiO./Cu-chitosan Pb?*, Cr(VI) 2014 (Samadi et al., 2014) 
TiO2-graphene Cr(VD 2017 (Wang et al., 2017) 
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3.3 Effect of crystalline facets 

As a nanostructured metal oxide with good crystalline quality, significant structural differences 
occurred on different crystalline facets of TiO2, which obviously affects the heavy metal removal 
ability. The effects of crystalline facets on As(V) and As(IID) removal were revealed by Yan et al. (in 
2016). The {001} facets on TiO2 showed higher performance for As(V) and As(IIIJ) removal than 
{101} surfaces. Moreover, the crystal facets also determine the adsorption of Sb(III) on 
nanocrystalline TiO2 (Song et al., 2017; Yan et al., 2017). Nanocrystalline TiO2 with a high index 
crystalline facet of {201} showed better Sb(II) removal than that with a crystalline facet (e.g. {001} 
and {101}), although the former had a lower surface area. This difference was attributed to the higher 
surface energy (y = 1.72 J m°®) of {201} facets calculated by density functional theory (DFT). 


4. CONCLUSIONS 

A historical progress in the development of TiO2-based adsorbents for treatment of heavy metals is 
summarized in Figures 4 and 5. After the discovery of high adsorption property of nanocrystalline 
TiO2 with crystalline size within a range of about 1 — 30 nm, the application of TiO2 has expanded 
from photo-catalysis to adsorption of heavy metals. Various TiO2-based composite adsorbents and 
TiOz with specific crystalline facets have been developed. 
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Figure 4. Progress of heavy metal removal by nanocrystalline TiO2. 


Figure 5 shows that the number of papers on heavy metal removal by TiOz has increased 
exponentially from a few per year before 2003 to about 90 per year after 2014. Meanwhile the citation 
of related publications has increased from less than 150 per year before 2003 to about 1900 per year 
since 2016. 
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Figure 5. The number of publications (left) and citations (right) on heavy metal removal using 
TiO2 from 1991 to 2017, through the Web of Science™ Core Collection. The keywords for 
searching are “heavy metal” and “TiO2.” 
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Abstract 

The industrial production of munition 2,4-dinitroanisole (DNAN) generates waste streams that 
require treatment. Treatment of DNAN has been attempted previously using zero-valent iron (ZVI) 
and Fe-based bimetals. Use of Mg-based bimetals maybe advantageous to Fe in terms of potential 
higher reactivity and relative insensitivity to pH conditions. This work reports results on the 
degradation of DNAN by three Mg-based bimetals: Mg/Cu, Mg/Ni, and Mg/Zn. Kinetic data obtained 
in benchtop-scale batch reactors were modelled according to a pseudo-first-order expression. 
Parametric studies were conducted to assess the effect of type of bimetal pair and initial pH on DNAN 
degradation. Pseudo-first order kinetic constants were 0.119, 0.102, 0.018, and 0.009 min”! for 
Mg/Cu, Mg/Zn, Mg/Ni, and ZV Mg, respectively (unadjusted initial pH, 0.5% S/L, 10:1 Mg: catalytic 
metal). Initial acidification with acetic acid (pH range 3.3-4.0) improved significantly the reaction 
rate by all of the attempted bimetal formulations and ZVMg producing DNAN degradation half-lives 
in the range of 0.9-1.4 minutes. Constant temperature experiments at 20, 26, 32, 36 and 45°C, using 
the most effective bimetal pair under normal pH conditions (Mg/Cu), were conducted under identical 
conditions of solids loading (0.5% S/L) and base to secondary metal ratio (10:1). The activation 
energy for the reductive degradation of DNAN by Mg/Cu bimetal was determined to be 8.18 kJ/mol. 


Keywords: 2,4-dinitroanisole, DNAN, insensitive munition, magnesium bimetal, reductive 
degradation 


1. INTRODUCTION 


The search for safer explosives that reduce the risk of accidental detonation has led to development 
of new energetic compounds. The nitro-aromatic compound DNAN is an explosive of decreased 
sensitivity often incorporated into various munitions formulations. The production of DNAN 
generates contaminated wastewater streams that, if untreated, may pose environmental risk [Olivares 
et al., 2016]. Several researchers currently work on elucidating the fate and transport of DNAN and 
its transformed products [Olivares et al., 2016; Hawari et al., 2015; Taylor et al., 2017; Arthur et al., 
2017], however, more work is needed for complete characterization. Meanwhile, various treatment 
methods have been tested for the removal and/or degradation of DNAN. 


Known treatment methods of DNAN include biotic (using various strains of bacteria) and abiotic 
(photochemical degradation, chemical oxidation/reduction) technologies. One type of abiotic process 
involves treatment using zero-valent metals (e.g. zero-valent iron, ZVI) or bimetal combinations 
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(typically iron- or magnesium-based) to degrade DNAN via a reductive pathway. ZVI and iron-based 
bimetals have been most commonly used for the degradation of DNAN [Liu et al., 2015; Ahn et al., 
2011; Shen et al., 2013; Koutsospyros et al., 2012; Kitcher et al., 2017]. However, recent advances 
in bimetal technology indicate that magnesium-based bimetals can successfully degrade various types 
of organic [Ghauch & Tuqan, 2009; DeVor et al., 2008] and inorganic [Ramavandi et al., 2011] 
contaminants and offer a promising more effective alternative to Fe-based treatment [Morales et al., 
2002]. 


Previously, treatment of DNAN by Fe-based bimetals have been studied [Koutsospyros et al., 2012; 
Kitcher et al., 2017]. Koutsopyros et al. (2012) used Fe/Cu to remove DNAN and other explosive 
and energetic compounds from industrial pinkwater and reported short treatment times in the span of 
minutes. Kitcher et al. (2017) treated DNAN both in insensitive munition explosive (IMX) 
wastewater and pure solutions with Fe/Cu bimetal under acidic pH conditions (2.3-2.9). The major 
variables studied in Kitcher’s work included: matrix effects, activation energy, effect of pH and acid 
type, impact of solid vs. dissolved base metal (i.e. Fe), and impact of type of bimetal contact (i.e. 
physical mixture of Fe°/Cu° vs. Cu-coated Fe”). Both of these studies investigated DNAN removal in 
acidic media (i.e. pH <3) since Fe-based bimetals have been shown to be the most effective in 
degrading organic contaminants at acidic pH levels [Khalil et al., 2016; Rivero-Huguet & Marshall, 
2009; Tian et al., 2009]. Mg-based bimetals, on the other hand, may be less sensitive to pH conditions 
[Patel & Suresh, 2008], thus providing a potential alternative for DNAN treatment for situations when 
additional pH adjustment in the treatment system is undesired. The treatment of DNAN with Mg- 
based bimetals has not yet been researched, nor have subsequent parametric studies been established. 


In the present work, parametric studies were conducted to investigate the reaction kinetics of DNAN 
degradation by various Mg-based bimetals. This work reports on the impact of secondary metal type 
(namely Cu, Ni, and Zn), initial pH adjustment, and temperature. 


2. MATERIALS AND METHODS 


2.1 Chemicals and materials 

Solid magnesium particles (20-230 mesh, reagent grade, 98% purity), copper (II) chloride (99%), 
nickel (II) chloride (98% purity), zinc chloride (98% purity) and glacial acetic acid (99 %+) were all 
purchased from Sigma Aldrich (St. Louis, MO). Syringe filters (0.45 micron, nylon) were purchased 
from Achemtek (Worcester, MA). DNAN solids and DNAN standard dissolved in acetonitrile were 
obtained from an industrial munitions facility. Catalytic metal chloride solutions (i.e. CuCl, ZnClo, 
NiCl2) were prepared in DI water such that addition of a fixed volume, i.e. 1 mL, to the reactor 
delivered a 10:1 ratio of Mg base metal to secondary metal (i.e. Ni, Cu, or Zn). 


2.2 Kinetic experiments 

All batch experiments were carried out in 40 mL Volatile Organic Analyte (VOA) vials containing 
24 mL reaction solution with 0.5 % solids-to-liquids (S/L) ratio and 10:1 Mg to secondary metal (i.e. 
Cu, Ni, and Zn) ratio in both the absence and presence of 4.35 N acetic acid. First, 0.12 g of Mg 
granules was placed in the reactor vial and 12 mL of water was added and mixed fully. Next, to 
synthesize the bimetal reagent, 1 mL of the catalytic metal solution was added and mixed for 5 
minutes. The reaction was initiated by adding 10 mL of DNAN solution of 250 ppm. In the unadjusted 
initial pH experiments, 1 mL of water was added and in the lowered initial pH experiments, 1 mL of 
4.35N acetic acid was added to the reaction mixture. Experiments were conducted in duplicate. 
Venting was provided for the hydrogen gas generated by capping the reactor with punctured 
aluminum foil. The initial and the final pH of the solution were measured. At the end of the reaction, 
an aliquot of the reaction solution was taken using a 0.45 um nylon syringe filter and subsequently 
samples were stored in amber glass vials. 


Sacrificial sampling was used to determine the rates and extent of degradation of DNAN, as opposed 
to semi-continuous sampling from one large batch reactor. Separate identical batch reactors were 
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prepared and were removed for sampling at the prescribed times of 5, 10, 15, 30, 60, 90, 120 and 150 
minutes. 


2.3 Temperature controlled experiments 

Degradation of DNAN by Mg/Cu was tested at different temperatures (i.e. 20°C, 26°C, 32°C, 36°C 
and 45°C) to evaluate the impact of temperature and to determine the activation energy of the reaction. 
The experimental conditions were the same as in previous experiments, i.e. 0.5% S/L ratio and 10:1 
base metal to catalyst ratio. The initial pH was not adjusted. A temperature control chamber was used 
to maintain constant temperature during the reaction. The reaction solution was equilibrated to the 
specified temperature prior to the start of the reaction. The temperature was measured using a 
thermometer placed in water to remove bias from the digital controller of the constant temperature 
chamber. Samples were taken at 5, 10, 15, 20, and 30 minutes. All experiments were conducted in 
duplicate. 


2.4 Analytical methods 

DNAN concentrations were analyzed by reversed-phase high pressure liquid chromatography 
(HPLC) on an Agilent 1260 instrument (Santa Clara, CA) equipped with a Grace Alltech 
Adsorbosphere HS C-18 (Sum, 150x4.6mm) and a DAD detector. The mobile phase was an isocratic 
mixture of methanol: water at 70:30 (v/v), pumped at 1 mL/min; the injection volume was 10 uL of 
sample; the analytical wavelength was 254 nm. At these conditions, DNAN eluted at 4.1 min. Blank 
samples and known concentration standards were periodically run for QA/QC purposes. 


3. RESULTS AND DISCUSSION 


In this work, the impacts of catalytic metal type, initial pH, and temperature on DNAN degradation 
by Mg-based bimetals are reported. 


3.1 Influence of the catalytic metal 

The kinetics of DNAN degradation in aqueous solutions was investigated using three bimetallic 
systems, namely Mg/Cu, Mg/Ni and Mg/Zn, and treatment effectiveness was compared to that with 
zero-valent magnesium (ZVMg) without the addition of a catalytic metal. Kinetic experiments were 
conducted to establish time-concentration profiles and a pseudo-first-order reaction rate constant, k 
was determined by fitting and exponential decay model via nonlinear regression. 


Time-concentration profiles for ZV Mg and the three bimetallic systems (i.e. Mg/Cu, Mg/Ni, Mg/Zn), 
shown in Figure 1, indicate a fast DNAN degradation reaction for the first 30 minutes, which tends 
to taper off thereafter. DNAN degradation by ZVMg alone (i.e. without a catalytic metal), was the 
least effective with 34% DNAN removal in 150 minutes (Figure la). On the other hand, treatment 
with Mg/Cu removed 99% of DNAN in 30 minutes (Figure 1b), while 99% removal by Mg/Zn was 
achieved after 120 minutes (Figure 1d). Treatment with Mg/Ni was slower with 93% of DNAN 
degradation in 150 minutes (Figure 1c). These results proved that the presence of a catalytic metal 
increased both the rate and the extent of DNAN degradation. In addition, the extent to which DNAN 
removal efficiency was improved depended on the catalyst type, generally Cu being the most 
effective, followed by Zn, and then by Ni. 


The pH of each bimetal system was initially in the neutral range of 6.8-7.8 and increased to a final 
pH of 9.7-10.3 (Figure 1). Conversely, for ZVMg treatment, the system pH was generally slightly 
higher with an initial pH of 11.4 and final pH of 10.9. The initial pH (measured at time 0) was 
determined immediately after the addition of the DNAN solution to the synthesized bimetal. 
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Figure 1: DNAN degradation and pH over time by: (a) zero-valent magnesium (ZV Meg), (b) 
Mg/Cu, (c) Mg/Ni, and (d) Mg/Zn (0.5% S/L, 10:1 Mg to catalyst ratio) 


The time-concentration profiles were used for the determination of reaction rate constants. The 
reaction was evaluated by applying a pseudo-first-order kinetic expression (Equation 1) to the initial 
nonlinear portion of the C/Co vs. time (t, min) curve and the reaction rate constants were determined 
by nonlinear regression analysis: 


£ = exp(—kt) (1) 


Co- 


Where: C = Contaminant concentration at time t (mg/L) 


Co = Initial contaminant concentration (mg/L) 
k = Pseudo-first-order reaction rate constant (min?) 
t = Reaction time (min) 


DNAN degradation was the slowest using ZVMg with a reaction rate constant of 0.009 min“ (Table 
1). The fastest reaction rate constant (0.119 min!) was achieved with Mg/Cu and was 13.6 times 
faster than that of ZVMg. Treatment by Mg/Ni and Mg/Zn gave reaction rate constants of 0.018 and 
0.102 min! (5 and 10 times faster than ZVMg), respectively. Half-lives were determined from 
Equation 1 for the C/Co = 0.5 and the determined reaction rate constants. The determined half-lives 
for the three bimetal formulations are in the range 5.8-37.7 minutes and are much shorter than the 
half-life of ZVMg which is longer than 1 hour. 
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Table 1: Reaction rate constants of DNAN degradation 


Treatment System k (min!) R? k/kzvme* Half-Life, min 
ZVMg 0.009 0.781 1 78.8 
Meg/Cu 0.119 0.946 13.6 5.8 
Mg/Ni 0.018 0.995 2.1 37.7 
Mg/Zn 0.102 0.726 11.6 6.8 


*Reaction rate constants are normalized with respect to ZVMg 


3.2 Influence of lowered initial pH 

DNAN degradation kinetic experiments using low initial pH conditions were also performed and 
results of these experiments were compared to the initial unadjusted pH runs. The initial pH of the 
reaction solution was lowered by addition of 4.35N acetic acid. The experimental conditions were 
kept the same as in the unadjusted pH experiments at 0.5% S/L ratio and 10:1 base metal to catalyst 
ratio. The lowered adjusted initial pH for all treatment systems was between 3.3 and 4.0. No 
subsequent pH adjustments were made and the reaction pH was measured at each sampling time. In 
a low pH medium, any oxidized layer of the metal surface is dissolved, typically resulting in increased 
reactivity of the bimetal surface [Liu et al., 2015; Guan et al., 2015]. 


ZVMg alone removed 98% of DNAN in just 10 minutes under acidic conditions, showing excellent 
treatment efficiencies superior to those obtained in the unadjusted pH runs (Figure 3). In addition, 
treatment with ZV Mg at the lowered initial pH resulted in at least 5 times faster DNAN degradation 
than treatment without pH adjustment by any bimetal system. Mg/Zn effectively removed 99% of 
DNAN in 10 minutes and exhibited the fastest reaction kinetics compared to ZVMg and the other 
two bimetals (i.e. Mg/Cu and Mg/Ni, Figure 4d). Treatment with Mg/Cu and Mg/Ni exhibited slightly 
slower reaction kinetics with 93% DNAN removal within 10 min (Figure 4b, 4c). 
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Figure 2: Comparison of DNAN degradation kinetics and pH for unadjusted and lowered 
initial pH conditions in the ZVMg treatment system 
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Legend: ® DNAN remaining pH 
Figure 3: DNAN removal and pH over time with lowered initial pH: (a) ZVMg, (b) Mg/Cu, (c) 
Mg/Ni, and (d) Mg/Zn (0.5% S/L, 10:1 Mg to catalyst ratio) 


Despite differences in degradation rates, all treatment systems exhibited ultimately the same DNAN 
removal efficiency of over 99.7% in 150 min. Furthermore, pH measurements showed that within 30 
min, the pH equilibrated to approximately 9.6 where it remained for the rest of the reaction for all 
systems. For ZVMg, the pH equilibrated slightly higher at approximately 10. 


A visual examination of the concentration-time curves reveals a rapid reaction period within the first 
10 min producing near zero values thereafter. This behavior is consistent with reported literature 
[Rivero-Huguet and Marshall, 2009] for other bimetal systems. Accordingly, the rapid target 
compound depletion is dominated by the reduction reaction whereas passivation phenomena control 
the final period. Viewed under this prism, the pseudo-first order model describes adequately the initial 
reaction period but falls short of producing a good fit for the final period data. Thus, kinetic constants 
reported herein, are obtained using the initial slope method for reaction times of 2,4,5,6, and 10 min. 
The nonlinear regression analysis produced fair to very good quality curve fitting with correlation 
coefficients (R? values) in the range of 0.765-0.934 (Table 2). Data variability is attributed to 
challenges associated with sampling and quenching a rapid heterogeneous reaction rather than to 
model inadequacies. The reported values of the determined pseudo-first order constants vary within 
the same order of magnitude (0.5 - 0.8 min‘!), show a much smaller variability than the unadjusted 
respective values, and mark comparable treatment effectiveness for all ZVMg and bimetal systems 
(DNAN half-lives 0.9-1.4 min). 


In comparison to the bimetal systems, ZVMg was affected drastically by the lowered pH, showing a 
73-fold increase of the rate constant. Mg/Ni and Mg/Zn were fairly affected by the lowered pH 
showing increases of k by 29 and 8-fold, whereas Mg/Cu was less affected with an increase of k by 
4-fold. Interestingly, although the DNAN degradation performance of Mg/Cu was superior to the 
other bimetals (Mg/Zn and Mg/Ni) in the unadjusted initial pH experiments, this was reversed when 
the initial pH was lowered. This performance reversal may be associated to reaction mechanisms 
elicited by the lowered pH. Under lowered initial pH, corrosion of the bimetal (and thus the 
subsequent production of electrons) as well as dissolution of passivating oxide layers may be 
dominant. Conversely, under normal initial pH conditions, electron release may be dominated by the 
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galvanic potential of the bimetal pair. Thus, corrosion and dissolution appear to dominate DNAN 
degradation rates for all systems (ZVMg, bimetals) for lowered initial pH, while the galvanic potential 
difference (highest for Mg/Cu) controls the unadjusted pH conditions. Further work is required to test 
and validate this hypothesis. 


Table 2: Reaction rate constants (k) with lowered initial pH 


System Kunadj pH 
Coma [one [oe [re | 


3.3 Impact of temperature and activation energy 

The impact of temperature on DNAN degradation kinetics was evaluated for the most effective 
bimetal pair (Mg/Cu) under normal pH conditions, at temperature values of 20°C, 26°C, 32°C, 36°C 
and 45°C. The experimental conditions were the same as in previous tests, i.e. 0.5% S/L ratio and 
10:1 base metal to catalyst ratio with unadjusted initial pH. As expected, as the temperature increased, 
reaction rates also increased. The activation energy (Ea) of the reaction was determined by the 
Arrhenius equation (Equation 2, Arrhenius S.A., 1889): 


k = A * exp (-=) (2) 


Where: Ea= Activation energy (kJ/mol) 
k = Reaction rate constant (s`!) 
A = Pre-exponential Factor (s`!) 
T = Temperature (°K) 
R = Universal gas constant (8.31x10° kJ/mol-K) 


The slope of the fitted line is obtained by regression analysis of the linearized form of Equation 2: 


Ea 
Ink = Ind - Ë (3) 


The activation energy for DNAN degradation by Mg/Cu was determined to be 8.18 kJ/mol (Figure 
4). For DNAN degradation by Fe/Cu bimetallic systems, the activation energies were reported as 
121.8 kJ/mol and 30.57 kJ/mol in Koutsospyros et al. (2012) and Kitcher et al. (2017), respectively. 
However, several differences must be noted between those and the present study including the type 
of bimetal pair (Fe/Cu vs. Mg/Cu), preparation of the bimetal matrices (contacted primary and 
catalytic metal surfaces vs. primary metal coated with the catalytic metal) as well initial pH of the 
reaction (acidified at pH 3.0 vs. normal unadjusted pH). 
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Figure 4: Natural logarithm of the degradation rate constant plotted as a function of inverse 
temperature for DNAN removal using Mg/Cu (0.5% S/L, 10:1 Mg to catalyst ratio) 


This indicates that the Mg/Cu technology is a potentially more viable option, since generally a lower 
activation energy indicates less energy needed for a compound to undergo reactions. Furthermore, 
determination of the activation energy allows extrapolation of kinetics constant at another 
temperature in a similar range, again using Equation 2. 


4. CONCLUSIONS 


The addition of a catalytic metal to zero-valent magnesium created an effective means for removal of 
DNAN, while ZVMg, without any catalytic metal, was only effective in low pH media. At neutral 
pH, Mg/Cu was the most effective and removed 98% of DNAN in 30 minutes, whereas the same 
extent of removal by Mg/Zn was achieved at 120 min. The largest extent of removal for Mg/Ni was 
95% at the end of the tested 150 min. ZVMg, without any catalytic metal, was not as effective and 
resulted in only 33% DNAN removal after 150 min. These findings may help determining an 
appropriate technology for the treatment of certain waste materials, e.g. in acidic mediums, only 
ZV Mg may be necessary, whereas in neutral pH media, use of bimetals may be necessary. 


Furthermore, the kinetics of the DNAN degradation reaction followed a pseudo first order model. 
Parametric studies of the reaction kinetics showed that the addition of Cu, Ni and Zn increased the 
kinetic constant by 14, 2, and 12 times, respectively, compared to that of ZVMg alone. In addition, 
the lowering of the initial pH of the reaction solution had a significant impact on DNAN degradation. 
Under acidic initial pH conditions, all three bimetallic systems as well as ZVMg were very effective; 
almost complete removal of DNAN was achieved using Mg/Zn and ZVMg within 10 min and 
approximately 90% degradation was observed by Mg/Cu and Mg/Ni in only 15 min. Further work 
may be done on investigating the roles of acidic pH and the galvanic potential simultaneously on the 
bimetal configuration. The activation energy of DNAN degradation by the Mg/Cu bimetallic system 
was calculated as 8.18 kJ/mol. Overall, the magnesium-based bimetallic treatment system was shown 
to be a promising method for DNAN degradation in aqueous solutions. 
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Abstract 

The availability of potable water, both in terms of quality and quantity is essential for the International 
Space Station (ISS) crew. Potable water is produced on ground and is transported to the ISS. During 
each launching campaign, water quality complies either to Russian or US standards. The disinfection 
agent is silver for the Russian type of water and iodine for the US type of water. So far, fluctuations 
of silver concentration in water have been confirmed and thus, health issues arise concerning the safe 
storage of potable water supplies in future (long term) missions. 


The aim of this study is a) to evaluate the behavior of the disinfectant agent, silver, with various 
metallic and polymeric wetted materials used throughout the process of water preparation and storage, 
and b) to examine the phenomena responsible for silver concentration fluctuations in water systems 
for crew usage. Silver ions were added into Russian type water electrolytically, so as to reach either 
a silver ions’ concentration equal to 10 or 0.5 mg Ag*/L. Afterwards, water was brought in contact 
with various surfaces at surface (S) to volume (V) ratio equal to 5.0 cm"! and temperature 30°C, and 
was stored either for 7d (water with high Ag concentration) or 28 d (water containing low Ag 
concentration). At the end of the storage period all surfaces were leached, in order to examine the 
deposition of Ag onto the surfaces. Moreover, solid surfaces were further analyzed (using SEM and/or 
XPS), in order to elucidate the underlined deposition phenomena. 


Silver losses from water containing 10 mg Ag*/L varied from 7.4% up to 96.8%, while silver losses 
from water containing 0.5 mg Ag*/L varied between 62.5% and 100%. Leaching of wetted materials 
verified the deposition of silver onto their surface. The phenomena that were responsible for silver 
deposition are discussed thoroughly, with respect to the type of wetted surface material. 


Keywords: Silver deposition, Potable water, Disinfection, International Space Station 
1. INTRODUCTION 


Orion Multi-Purpose Crew Vehicle (MPCV) has been designed by National Aeronautics and Space 
Administration (NASA) for exploration missions beyond low-Earth orbit. Orion MPCV will carry 
the Orion service module, which is provided by the European Space Agency (ESA) and is designed 
for the storage of water, nitrogen and oxygen, among other duties [Jones, 2012]. Potable water is, 
after oxygen, the second consumable needed by crew members to live aboard a spacecraft and by far, 
the most critical with regards to mass. In the context of manned long term spaceflight missions, long 
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shelf life for potable water is required. To this regard, prevention of water contamination within the 
water systems is essential, in order to prevent potential crew health risks. Currently, control of potable 
water contamination is ensured by the addition of adequate amounts of biocidal agents at production 
sites [Rebeyre, 2012]. There are two water quality standards defined for water consumption by the 
ISS crew: the US potable water and the Russian potable water. The major differences between the 
two types of water are summarized as follows: the disinfection agent is silver for the Russian type of 
water and iodine for the US type of water, the TOC maximum acceptable levels are significantly 
higher according to the Russian water quality standards, Russian standards enable more minerals than 
the US ones and the maximum allowable total chromium level is significantly higher in the Russian 
type of water compared to the US type of water. So far, the European Space Agency (ESA) has 
successfully delivered potable water using ionic silver as biocide [Rebeyre, 2012] aboard by the 
Automated Transfer Vehicle (ATV). For future long term missions, ionic silver has been identified 
as the biocide agent of potable water (Wallace et al., 2016). Ionic silver has been acknowledged as 
an efficient disinfectant agent and can be safely consumed by humans, unless it is consumed at high 
concentrations for a long period of time [Wadher and Fung, 2005]. Besides NASA’s plans to use 
ionic silver in future long term missions, ionic silver is currently used as the disinfectant agent for 
potable water aboard the Russian segment of the International Space Station (ISS). However, during 
the launch campaigns a fluctuation of silver was observed by performing water quality analyses at 
different steps of the water process during each campaign, implying possible water quality 
degradation [Wallace et al., 2016; (Rebeyre, 2012b]. 


The main type of wetted surface of water storage tanks from the Ground Support Equipment (GSE) 
used for water transportation and loading has been Stainless Steel (SS). Indeed, there are few relevant 
studies found in literature, which show that silver depletion from bulk water might occur on SS 
depending on various factors, such as the wetted surface area to water volume ratio (S/V), type of 
wetted surface, etc [Callahan et al. 2007; Roberts et al. 2007; Petala et al. 2017; Petala et al. 2016]. 
However, other types of materials —part of the water systems— may come in contact with water and 
contribute to the silver ions’ concentration variation. The understanding of the underlying phenomena 
may contribute to optimize water systems used aboard. Besides, such systems are also used in 
terrestrial applications, such as portable water purification (employed by military personnel, 
survivalists, and others for water purification when they need to obtain drinking water from untreated 
sources) [Shamsuddin et al. 2016] or drinking water disinfection for unprivileged societies [Parr and 
Kim 2016]. 


This work is part of a project supported by ESA (European Space Agency) to examine the phenomena 
responsible for biocide concentration fluctuations in water systems for space crew usage. The scope 
of this work is to investigate the decrease of biocidal Ag+ concentration in water exposed to different 
types of materials and assess the chemical state of deposited Ag on these materials. To this aim, 
specific objectives of the work are: (i) to investigate the types of materials that may cause silver 
depletion from water, (ii) to verify silver deposition on the surfaces and (iii) to examine the materials’ 
surfaces after exposure to water with high silver ions’ concentration. 


2. MATERIALS AND METHODS 


Potable water for the Russian ISS crew originates from Regina Margherita ground water in Torino. 
Raw ground water complies with the water quality requirements without any pre-treatment, whereas 
the quality is rather stable over years, regarding both chemical and microbiological parameters 
[Lobascio et al. 2004]. The treatment steps for the Russian water preparation are [Lobascio et al. 
2004] : a) addition of sodium fluoride solution, prepared directly in the source water, to the raw water 
in the reaction tank, b) mixing and further treatment using a silver ionization cell, in order to dissolve 
silver ions, c) microfiltration for the removal of the readily produced insoluble silver chloride, d) 
ionization treatment for the achievement of the target final concentration of silver in the water, which 
is 10 mg/L for disinfection water and 0.5 mg/L for the flight potable water and e) final step of 
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microfiltration prior to the transfer to the Water Gas Liquid Unit (WGLU). Afterwards, the WGLU 
is transferred to the launch site, where the potable water is loaded into the ATV water tanks. The 
loading procedure includes an initial step of soaking with high silver concentration (10 mg/L) water 
for 24 h, then draining and flushing with high silver concentration (10 mg/L) water, and finally 
draining and filling with low silver concentration (0.5 mg/L) water [Grizzaffi et al. 2008]. In this 
study, both types of water were examined, in order to better elucidate the underlying phenomena 
related to silver ions concentration fluctuations. 


2.1 Water preparation 

Water was produced in the lab according to the Russian water standards containing either 0.5 mg 
Ag/L or 10 mg Ag/L. The produced water complied with the quality determined during ATV missions 
(Lobascio et al. 2004). Water was freshly prepared, before each experiment, in 1 L volumetric flasks. 
The basis for either type of water was ultrapure water (Direct-Q 3 UV, Millipore). Adequate quantities 
from stock solutions of various salts were introduced to ultrapure water, so as to comply with the 
water quality standards. Next, silver ions were added using a silver ionization unit (CSG-1, UK) 
equipped with silver electrodes of high silver purity (99.99%). Water was filtered through a 0.2 um 
filter (Pall Corporations, USA) after the addition of silver ions and silver concentration was measured 
spectrophotometrically (LCK354, Hach Lange). The chemical characteristics of the produced water 
are presented in Table 1. All hardware items (glassware, plastic ware, etc) were sterilized prior to use, 
in order to avoid microbial contamination. 


2.2 Types of tested surfaces 

Flat strip coupons of solid materials (Length x Width x Depth: 76 x 12.7 x 1.6 mm) were obtained 
from Metal Samples (Alabama, USA). The types of tested coupons included: Teflon FEP 500L 
(polymeric), Teflon PTFE (polymeric), EPR Parker (rubber), SS 316L (stainless steel), SS 15-5 pH 
(heat and air passivated stainless steel), SS 316L/ WW (stainless steel with welding), SS 316L/ P 
(acid passivated stainless steel), SS 316L/ P&E (acid passivated and electropolished stainless steel) 
and Ti Alloy 6A14V (titanium alloy). 


Table 1: Composition of high (10 mg Ag/L) and low (0.5 mg Ag/L) silver concentration water 
| Parameter | | Parameter | Concentration 


High Ag Low Ag High Ag Low Ag 

conc. water | conc. water conc. water | conc. water 
Sere roca 
— of my [SS 


Conductivity Ammonium <0.05 <0.05 
(uS/ a (mg/L) 


Sm wee o o 


Magnesium As) 12.8 Chromium (ug/L) 
(mg/L) 


To NTO Nike) 
Rare na parame [6O [ST 
oeoo [0 [o eten 


Fluoride (mg/L) | 1.0 1.0 Total coliforms 
(CFU) 
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Prior to experiments (about 24h before) coupons were meticulously cleaned, according to 
JRP5322.1G (NASA) and ASTM G1 protocols (JSC, 2008; ASTM, 1999). After cleaning, all 
coupons were dried and stored under nitrogen atmosphere until the performance of the experiments. 


Verification of their cleanliness was performed not only by visual inspection under UV light (Figure 
la), but also by measuring the dynamic surface tension of MilliQ water after contact with the cleaned 
coupons for more than 3 hours. Dynamic surface tension is determined using the maximum bubble 
pressure technique. In all cases, the surface tension of water was practically the same with that of 
MilliQ water (about 71-72 mN/m), as shown in Figure 1b. 


did 
~~~ Milli Q water 
~*-SS316L 
+ SS 15-5 pH, H1025 
+ SS 316L NASA/JSC PRC-5002 & electro-polished 
*- EPR Parker E0798-70 
+ Teflon PTFE 


1 10 100 
tiite, S 


Figure 1: Verification of coupons’ cleanliness: a) inspection under UV light, b) results 
obtained from dynamic surface tension measurements 


2.3 Testing procedures 

Exposure of various types of surfaces to water disinfected with silver ions took place inside 
polypropylene containers (HJ-Bioanalytik, Germany), as described elsewhere [Petala et al. 2016]. 
Tests were implemented in triplicate, while in each series of tests, there was also a blank sample 
(without exposed metal) in order to examine possible deposition of silver on the polypropylene (PP) 
walls of the experimental container (multiwell plate). Testing conditions were based on a worst case 
scenario that is high surface to volume ratio (S/V=5 cm’), high temperature (30°C) and exposure 


Testing Scheme 


High Ag conc. Low Ag conc. 
Experiments Experiments 
(10 mg/L) (0.5 mg/L) 
Bulk water Test Bulk water Test 
Coupons Coupons 
Leaching — Leaching — 
Total Ag total Ag Total Ag total Ag 
determination} —_| determination determination] | determination 
Ag mass balance Ag mass balance 


Results evaluation 


Figure 2: Testing methodology for the evaluation of silver deposition 


time of 14 d and 28 d for the low silver concentration water, and 7 d for the high silver concentration 
water. These conditions were chosen, in order to intensify the phenomena and verify the deposition 
of silver on the surfaces. After the exposure periods, both liquid and solid samples were analyzed 
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regarding the concentration of silver (Figure 2) using the methodology described in detail elsewhere 
[Petala et al. 2016]. Silver mass balance was calculated for each material, while the surfaces that were 
prone to silver deposition were further analyzed using X-ray photoelectron spectroscopy (XPS). 


3. RESULTS AND DISCUSSION 


Initial experiments included the exposure of all types of materials to water with high silver ions 
concentration (10 mg/L) for 7 d at temperature 30°C and S/V ratio equal to 5.0 cm’. The initial Ag 
concentration in the bulk water was 10 mg/L, while the final Ag concentration in the bulk water after 
contact with each solid material is presented in Table 1. Solid materials caused removal of silver from 
the disinfection water bulk in the order: Teflon PTFE(7.4%)< Teflon FEP 500L (14.7)<SS 316L / 
P&E (21%)< EPR Parker (63.2%)<SS 15-5 pH (78.4%) < 316L/ WW (84.2%) < SS316L/ P (94.7%) 
< SS316L (96.8%) ~ Ti Alloy 6AL-4V (96.8%). 


Afterwards, all solid materials were exposed to potable water (0.5 mg/L Ag) for 14d and for 28d at 
temperature 30°C and S/V ratio equal to 5.0 cm. Solid materials after 14d of exposure to potable 
water caused removal of silver from the bulk water in the order: Teflon FEP 500L (41.8%)<Teflon 
PTFE (45.2%)< SS316L (97.9%)< EPR Parker (98.5%)< SS 15-5 pH (99%)< 316L/ WW(100%)~ 
SS316L/ P ~ SS 316L/ P&E ~Ti Alloy 6AL-4V. Solid materials after 28d of exposure to potable 
water caused removal of silver from the bulk water in the order: Teflon PTFE (62.5%)< Teflon 
FEP(65.3%)< SS316L(100%)~ EPR Parker~ SS 15-5 pH~ 316L/ WW~ SS316L/ P~ SS 316L/ 
P&E~ Ti Alloy 6AL-4V. 


Leaching of coupons was performed after each batch of experiments in order to realize whether the 
silver was deposited on the solid materials or the PP walls of the multiwell plate. Indeed, significant 
amount of silver was recovered in the leachates and silver mass balance closed reasonably well 
(>90%). Therefore, leaching of coupons showed that in all cases silver was deposited on the surface 
of the solid materials [Petala et al. 2016]. The surfaces that were more prone to silver deposition were 
identified after calculating the concentration of deposited silver per materials surface unit, for the case 
of high silver concentration water. The results that are shown in Figure 3, demonstrate that the 
metallic surfaces favor the deposition of silver. 


Table 2: Silver concentration in bulk water after contact with the solid materials for 7d at 
30°C and S/V ratio equal to 5.0 cm‘! 


Type of surface | Silver concentration | Silver concentration | Silver concentration 
after 7d (mg/L) after 14d (mg/L) after 28d (mg/L) 
(Initial Ag conc. 10 mg/L) | (Initial Ag conc. 0.5 mg/L) (Initial Ag conc. 0.5 mg/L) 

Blank 9.5 0.482 0.479 

Teflon FEP 500L 8.1 0.279 0.166 

EPR Parker 3.5 0.007 0.006 

SS 316L 0.3 0.010 0.004 

SS 15-5 pH 2.05 0.004 0.000 

Ti Alloy 6AL-4V 0.3 0.000 0.000 

SS 316L/ WW 1.5 0.001 0.000 

SS 316L/ P 0.5 0.001 0.000 

SS 316L/ P&E 7.5 0.001 0.000 

Teflon PTFE 8.8 0.263 0.180 
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m High silver concentration water 


= 
in 


Ag surface concentration, pg/cm? 


Teflon FEP Teflon PTFE EPRParker $S15-5pH SS316L $S316L/WW SS316L/P SS316L/ P&E Ti Alloy 6AL- 
500L 4V 


Wetted surfaces 
Figure 3: Surface concentration of silver considering the silver mass in the leachates and the 
wetted surface area of each material. The dashed line refers to the maximum silver 
concentration if all silver from the bulk water (with initial silver concentration 10 mg/L) was 
deposited on the wetted surface 


The maximum concentration of silver was calculated equal to 2 ug/ cm? on the SS and titanium alloy 
surfaces. Remarkably, the treatment of SS surface by acid passivation and electro polishing resulted 
in much less silver deposition, slightly above 0.5 ug Ag/cm’ of wetted surface. This value was 
comparable to those obtained for Teflon materials that presented the lowest silver surface 
concentration after their contact with the high silver concentration water. The presence of silver was 
also verified by using XPS analysis. Figure 4 shows the atomic concentration of depth profiles 
obtained by XPS spectroscopy data for SS 316L. The very high carbon atomic concentration obtained 
in the case of not-sputtered sample indicates surface contamination. The carbon concentration was 
dramatically reduced between 0 and 20 sec that is after 1 nm of Ar sputter — etching. Due to carbon 
contamination, significant Fe, Cr and Ni concentrations (characteristics of aSS substrate) only appear 
after sputtering/cleaning of the surface. At 20 sec the surface is almost clean from carbon 
contamination, allowing the appearance of Fe, Cr and Ni peaks. The Ag concentration slightly 
increases and then remains almost stable. 


—x— Ag 
aS —a—F 
o —— C 
i= 
9 —4— O 
= —a— Fe 
2 —o— Cr 
oO 

—e— Ni 


Sputtering time, sec 


Figure 4: Atomic concentration depth profiles obtained by XPS spectroscopy data for the SS 
316L coupon 
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Moreover, XPS analysis data revealed that silver was in its metallic form on the SS surface, in line 
with a galvanic deposition mechanism [Petala et al. 2016, Petala et al. 2017]. According to this, silver 
is reduced on the surface of the samples while components of the underlying metal are oxidized. As 
regards titanium, XPS spectroscopy confirmed the presence of Ag on its top surface layers, too 
(Figure 5). This was observed in the wide XPS spectra (data not shown) before and after sputtering, 
as in the case of SS316L. After sputtering, the carbon atomic concentration was diminished indicating 
almost total removal of surface contamination. Therefore, the concentrations of the other constituents 
of the tested coupon (Ti, Al and V) significantly increased. 


However, the results of XPS analysis showed that, unlike stainless steel substrates, silver is present 
in its oxidized forms Ag* and Ag*** on Ti Alloy 6Al-4V. Thus, it is either deposited in ionic form 
(possibly bound on O-containing surface groups-see also below) or originally deposited as metallic 
silver (via a galvanic deposition mechanism that involves silver ion reduction and substrate oxide 
growth) and subsequently transformed to Ag2O and Ag203 oxides by oxygen spillover from oxygen- 
rich Ti, Al and V [14]. The ionic form of silver on the coupon could be explained by an ion-exchange 
mechanism, whereby positively charged Ag ions are bound by the negatively charged native oxide 
surface of TiO2 at the pH>7 values of the experiment [Mintsouli et al. 2018]. 


2 60 
1.8 4 
1.6 4 — ig 
. 144 
3 E40 —s—V 
ó 124 
Z —>—C 
8 1 L 30 
o —— 0O 
= 08-4 . 
5 L 20 —#—Ti 
© 0.6 
Al 
0.4 46 
0.2 
0 T T T T T F 0 
0 10 20 30 40 50 60 


Sputtering time, sec 


Figure 5: Atomic concentration depth profiles obtained by XPS spectroscopy data for the Ti 
alloy 6Al-4V coupon 


4. CONCLUSIONS 


The results of this study demonstrated that silver contained in water interacts with the solid materials 
of the ATV water system. Silver was almost fully depleted from water bulk after a 7-day exposure 
period of metallic surfaces to potable water. On the other hand, exposure of surfaces to conditioning 
water revealed that non-passivated metallic surfaces along with rubber surface led to significantly 
higher silver removal from the water bulk compared to the rest of the materials. Best performance — 
less silver removal- was observed for SS electropolished and Teflon materials. Analysis of leachates 
from the exposed surfaces allowed to close the total silver mass balance reasonably well proving that 
silver was deposited on the surfaces. Detailed XPS analysis indicated the chemical state of deposited 
silver on the examined surfaces. 


Spectroscopic analysis confirmed that the thickness of the deposited silver layer on SS surface was 
thicker than 3 nm, as shown by the repeated sputter-etching process applied to different spots of the 
SS coupons and the resulting near constancy of Ag composition as determined by XPS. The chemical 
state of silver was identified by high resolution XPS analysis. Results verified that both metallic Ag 
and Ag oxides exist on the surface layers of silver deposits. Silver oxides are found on the outer 
surface of the deposits (in depth less than 1 nm), while interior to the deposits, Ag is in its metallic 
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form. Therefore, silver is deposited in its metallic form on all SS surfaces, in line with a galvanic 
deposition mechanism. 


On the other hand, on the Ti6A14V alloy surface, Ag is found only in its oxidized form (as AgO, a 
mixture of Ag20 and Ag203). The above does not exclude the possibility of galvanic replacement 
mechanism also for the Ti alloy. This would be the case, if the initially deposited metallic silver was 
transformed to oxides by oxygen spillover from the O-rich moieties of the surface oxides of the Ti, 
V and Al components of the Ti alloy, whereby surface oxygen species are replenished by water 
dissociation. Alternatively, an ion-exchange mechanism might hold in the case of the Ti alloy, 
whereby Ag ions are bound by the negatively charged native Ti surface oxides/hydroxides (acidic 
dissociation of OH surface groups at pH values higher than the TiO2 isoelectric point of pH<7). 
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Abstract 

In terms of crew survival, water is the second most consumable needed in manned space missions, 
after the air, and by far, the most critical with respect to mass. There is a great need for water recycling 
systems, which are being developed by the European Space Agency (ESA), the Russian Federal 
Space Agency (ROSCOS-MOS) and the National Aeronautics and Space Administration (NASA), 
to minimize the water supplied from the ground. So far, water recycling is limited to water recovery 
from cabin condensate and urine. Ammonium ion is considered as one of the critical chemical 
components in the waste water stream to recycle as it is the product of urea decomposition. For this 
reason, there is a need for continuous monitoring of ammonium ion in different stages of recycling 
process. There are numerous analytical methods, including automated or batch ones, available in the 
literature for reliable NH4* determination in recycled waters. However, in space, the analytical 
procedure differs significantly from the one on earth. Sequential injection analysis (SIA) coupled 
with a fluorimetric detector is a potential candidate for such purpose and has the advantage of not 
only performing automated analysis, but also improving sensitivity with the possibility of further 
miniaturization. 


Keywords: Trade-off methodology, Sequential injection analysis, Ammonium determination; 
Fluorimetry, Microgravity, International space station 


1. INTRODUCTION 


The International Space Station (ISS) is a microgravity research laboratory in low Earth orbit, suited 
for the testing of spacecraft systems and equipment required for long-lasting manned space missions. 
Water is provided to the crew from appropriate water storage/transfer systems. It would be impractical 
to stock the ISS with water for long periods of time, or continuously supplying it from the Earth, so 
the development of water recycling systems is critical [H.W. Jones and M.H. Kliss (2010)]. The 
recycling system developed by ESA is designed to produce hygiene and potable water either from 
cabin condensate or grey water (waste hygiene water) or even urine, by physical/chemical processes 
in order to remove contaminants, as well as different filtration steps and heat sterilization to ensure 
the water quality. The produced water requires a high level of quality control, which until now, it 
involves its transportation to Earth, resulting in questionable measurements due to the time lapse 
between the sample collection and ground analysis. Thus, there is a need for in-flight analytical 
measurements. 


In the ISS, there are some requirements of ESA that should be fulfilled, in order an analyzer to 
properly operate in space. The requirements concern the analytical performance characteristics of the 
method (limit of detection/quantification, dynamic range, selectivity, precision, accuracy), and the 
space adaptation characteristics (mass/volume of the analyzer, power consumption, voltage/current 
intensity) due to limitations in space and energy availability [W. T. Wallace, D. B. Gazda, T. F. 
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Limero, J. M. Minton, A. V. Macatangay, P. Dwivedi and F. M. Fernandez (2015)]. Thus, an analyzer 
must be microgravity compatible, operating in a fully automated mode for long periods. The low 
consumption of sample/reagent solutions is important, considering the limited space in the ISS and 
the weight. Special care should be taken to a totally closed system to avoid any leaking of fluids or 
release of gases into the isolated station’s environment. Finally, the use of low toxicity reagents and 
minimum flammable materials is important to ensure the safety of the crew and the station. 


A factor that affects the quality of the water is the concentration of the ammonium ion/ammonia; thus, 
its continuous on-line monitoring is crucial. In water, both toxic unionized ammonia (NH3) and the 
relatively non-toxic ionized ammonium ion (NH4"*) exist. Each form is converted to the other 
depending on the pH, salinity and temperature. NH4* is predominant when the pH is below 9.0, while 
NH; exists at higher values. Several automated analytical techniques have been developed for the 
quantitative determination of the two species with various detectors (spectrophotometric, 
fluorimetric, conductimetric), but there are only few that meet the requirements for proper operation 
in space. The automated flow analyzers, based on the flow injection analysis (FIA) and sequential 
injection analysis (SIA) techniques, work in a totally “closed loop” mode and offer automatic on-line 
liquid manipulation using low volumes of sample/reagents solutions, resulting in minimum waste 
production. 


The aim of this work is to perform a trade-off analysis of the automated flow methods for NH4* 
determination, reported in the literature, based on critical operational parameters under space 
conditions and to select the top ranked one for evaluation. For this purpose, a SI analyzer with a 
fluorimetric detector was employed and tested. A fully automated method has been developed to meet 
the requirements for possible use in manned space missions. The derivatization reaction between 
ammonia and o-phthaldialdehyde in the presence of sulfite in alkaline media (pH ca. 11) results in 
the formation of a fluorescent product (isoindol-1-sulfonate), which is then quantified at 425 nm. The 
chemical, flow and space factors affecting the operation of the system were optimized, to enhance 
the effectiveness of the proposed method. The accuracy and precision of the method were estimated 
by analyzing a standard reference material (SRM) as well as using the Certified Method (phenate). 
The method was applied to hygiene and potable water samples. 


2. EXPERIMENTAL 


2.1 Instrumentation 

A miniSIA flow analyzer with an acrylic Chem-on-Valve™ monolithic manifold 
(https://www.globalfia.com) was used throughout the experiments for the ammonium determination. 
The device is equipped with a bi-directional milliGAT™ pump coupled to a thermostated holding 
coil and a multi-position valve (MPV) modified in such a way in order to accept the Chem-on-Valve 
(COV) manifold. This configuration facilitates the fluid manipulation in a microfluidic way inside 
the closed system. Two fiber optic cables are used for the emission and excitation light as well as a 
fluorescence flow cell which is directly mounted on the COV. A monochrome white LED is used as 
an excitation light source (365 nm). A fluorimetric spectrometer (Ocean Optics USB-4000) is used 
as a detection system. The monochromator has been set at 425 nm emission wavelength. The recorded 
fluorescence intensity is given as arbitrary units (AU). The FIloZF 5.2 software 
(https://www.globalfia.com) is used for the device control and data acquisition. The tubing is made 
from PEEK or PTFE. Polyethylene bottles were used as solution containers. 


A Varian DMS 100S UV Visible Spectrophotometer with a 1.0 cm x 1.0 cm absorption cell was used 
for ammonium determination by employing the reference method (indophenol blue). The analytical 
wavelength was set at 640 nm. A Sartorius analytical balance has been employed for mass 
measurements. An Orion EA940 pH-meter has been used for pH measurements. 
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2.2 Reagents and samples 

All chemicals were of analytical reagent grade and provided by Merck (Darmstadt, Germany, 
http://www.merck.de). All ammonium standard solutions were prepared by appropriate stepwise 
dilution of 1000 mg L! NH4*. A 10.0 mmol L o0-phthaldialdehyde (OPA, CsH60O2) solution was 
prepared by dissolving 268.0 mg of solid in 50.0 mL methanol and filling the volumetric flask to 
200.0 mL with double deionized water (DDW). Phosphate buffer was prepared by dissolving 26.81¢ 
Na2HP04 in 900 mL of DDW, adjusting the pH to 11.0 with 2.0 mol L NaOH and filling the 
volumetric flask to 1000 mL (0.1 mol L"'). A 1000 mL solution of 3.0 mmol L`! Na2SO3 was prepared 
by dissolving 378.0 mg of solid Na2SO3 in phosphate buffer. The reagent solutions are light sensitive, 
so they were kept in dark bottles in the fridge remaining stable for at least 5 weeks. A 20% m/v 
alkaline citrate solution was prepared by dissolving 50.0g trisodium citrate and 2.5g NaOH in 250 
mL of DDW. A 5% m/v sodium hypochlorite solution was prepared by dissolving 5.0g sodium 
hypochlorite (NaCIO) in 100.0 mL of DDW. A 0.5% m/v sodium nitroprusside solution was prepared 
by dissolving 1.25g sodium nitroprusside (Na2Fe(CN)sNO) in 250.0 mL of DDW. A 1% m/v sodium 
hypochlorite solution in 16% m/v citrates was prepared by mixing 80.0 mL of 20% m/v alkaline 
citrate solution and 20.0 mL of 5% m/v sodium hypochlorite solution. A 11.1% v/v phenol (C6H6O) 
solution in ethanol was prepared. 


An ammonium standard reference solution from NIST (National Institute of Standards and 
Technology, Gaithersburg, MD, USA) NHaCl in H2O 1000 mg L! NHa* CertiPUR® was analyzed to 
investigate accuracy. Three different potable artificial water samples (PAW) at 0.0, 0.4 and 0.8 mg 
L! concentration level of NH4* and three different hygiene artificial water samples (HAW) at 0.0, 
1.0 and 5.0 mg L! concentration level of NH4* were prepared. The chemical composition of each 
artificial water sample is given in Table 1. Laboratory glassware was treated with freshly prepared 
10% (v/v) nitric acid solution for at least 24 hours and finally rinsed with ultra-pure deionized water 
before use to avoid contamination factors as much as possible. 


Table 1: Chemical composition of artificial potable (PAW) and hygiene (HAW) water 
samples. Concentrations are given in mg L. All solutions are slightly acidic (6.0-6.5) 


Parameter | PAW1 | PAW2 | PAW3 | HAWI | HAW2 | HAW3 
Ammonium - 0.4 0.8 - 1.0 5.0 
Chloride 100 100 200 125 125 250 
P-PO« 2.5 2.5 5.0 25 25 50 
Nitrate 12.5 12.5 25 25 25 50 
Sodium 75 75 150 140 140 280 
Potassium 1.5 1.5 3.0 3.0 3.0 6.0 
Magnesium 25 25 50 25 25 50 
Calcium 50 50 100 50 50 100 
Fluoride 0.5 0.5 1.0 5.0 5.0 10 
Iron 0.15 0.15 0.30 1.5 1.5 3.0 
Copper 0.5 0.5 1.0 1.5 1.5 3.0 
Zinc 2.5 2.5 5.0 2.5 2.5 5.0 
Cadmium 0.0025 | 0.0025 | 0.005 | 0.025 0.025 0.050 
Nickel 0.025 | 0.025 | 0.050 | 0.250 | 0.250 0.500 
Lead 0.025 | 0.025 | 0.050 | 0.250 | 0.250 0.500 
Chromium 0.025 | 0.025 | 0.050 | 0.250 | 0.250 0.500 
Manganese 0.025 | 0.025 | 0.050 | 0.250 | 0.250 0.500 
Arsenic 0.005 | 0.0050 | 0.010 | 0.050 | 0.050 0.100 
Mercury 0.001 | 0.001 | 0.002 | 0.010 | 0.010 0.020 


1157 


Water and wastewater treatment and management 


2.3 Analytical procedure 

The manifold of the flow system is schematically presented in Figure 1. The analysis of ammonium 
using the miniSIA is based on the OPA method. Three operational sequences have been used during 
the experiments. At the beginning, the analyzer runs the “startup” sequence in order to prepare the 
device (filling of the tubes, heating of the holding coil) for the analysis. Then, the “analytical cycle” 
sequence begins, during which appropriate portions of sample/standard solution (40.0 uL), OPA (40.0 
uL) and sodium sulfite (20.0 uL) solutions are sequentially aspirated with a flow rate of 10.0 uL s"!, 
into the thermostated holding coil in a sandwich type format by means of the milliGAT pump in order 
to produce a fluorescent product (isoindol-1-sulfonate) which can be directly quantified. The 
chemical reaction between ammonia and o-phthaldialdehyde in the presence of sulfite takes place in 
alkaline media (pH ca. 11). The fluorescent product, is time and temperature affected, thus, after a 2- 
min stop in the thermostated holding coil at 70 °C, it is delivered into the flow-cell where it is 
quantified at 425 nm (excitation wavelength, 365 nm). Finally, the analyzer runs the “shutdown” 
sequence in order to clean the entire system (rinsing of the tubing, holding coil and flow-cell). 


Figure 1: Schematic diagram of the miniSIA Flow Analyzer. MP, milliGAT™ pump; D, 
detector; THC, thermostated holding coil; FC, flow cell; COV, Chem-on-Valve; f.o., fiber 
optics; LED, led excitation light source; Line 1, DDW; Line 2, Std sol./sample; Line 3, OPA 


sol.; Line 4, sulfate sol 
3. RESULTS AND DISCUSSION 


3.1 Trade-off methodology 

There are many published automated flow methods for ammonium/ammonia determination in the 
literature. The flow systems, which are commonly used for ammonium determination, are categorized 
as follows: segmented flow analysis (SFA), flow injection analysis (FIA) [N. Amornthammarong and 
J.-Z. Zhang (2008), Y. Zhu, D. Yuan, Y. Huang, J. Ma, S. Feng and K. Lin (2014)], sequential injection 
analysis (SIA) [R. A. Segundo, R. B. R. Mesquita, M. T. S. O. B. Ferreira, C. F. C. P. Teixeira, A. A. 
Bordalo and A. O. S. S. Rangel (2011)], multisyringe flow injection analysis (MSFIA) [C. Henriquez, 
B. Horstkotte and V. Cerda (2013)], multiCommutated flow injection analysis (MCFIA) [S. M. 
Oliveira, T. I. M. S. Lopes, I. V. Toth and A. O. S. S. Rangel (2009)] and multipumping flow injection 
analysis (MPFIA) [C. Henriquez, B. Horstkotte and V. Cerda (2014)] with or without a gas diffusion 
(GD) unit. Among them, only few meet the requirements for proper operation in space conditions. 


In accordance with the ESA standard procedures, trade-off studies shall evaluate the candidate 
concepts for a mission candidate technique. Therefore, to evaluate and select the most appropriate of 
them, a trade-off methodology has been developed taking into account the detection / quantification 
requirements (LOD, LOQ, accuracy, repeatability, etc.) and critical items regarding the adaptation to 
space (microgravity applicability, volume/mass of the analyzer, solutions consumption, wastes 
production) as well as safety criteria (use of hazardous materials/reagents, pressure, heating, 
flameability). Every criterion was scored, based on defined scale/levels of each one with a specific 
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weighting factor (WF). Each particular weighting factor has been attributed to every criterion taking 
into consideration the significance of the specific parameter. For instance, parameters that could affect 
the crews’ wellbeing, such as maintenance and safety issues, were evaluated as of higher importance 
(x10 WF) compared with others that are subject to design adaptation and could be optimized, like 
volume of the analyzer (x5 WF) and power consumption (x4 WF). In addition, since the concept of 
the WF refers mainly to the criteria, in order to distinguish between the examined methods, a scale 
was required to be established for each criterion in order to provide a reliable assigned value for each 
one. The scale of the criteria is based on numeric features. The score of each criterion for every 
method was given as the result of a value (into the range of scale) x weighting factor. 


The requirements for the developed method are the following: working range, 0.1 mg L`! - 50 mg L 
l! NH4*, limit of detection, 0.05 mg L! NH4*; limit of quantification, 0.1 mg L NH4*, precision, at a 
value of standard deviation of + 0.05 mg L"; accuracy, at an error level of 0.05 mg L. The space 
adaptation criteria are the following: volume of the on-line ammonium analyzer, lower than 
516x440x253 mm? (based on the ISS Locker); mass of the on-line ammonium analyzer, lower than 
27 Kg; minimal consumed sample volume and waste generation during analysis; safe disposal; power 
consumption, lower than 300W; current intensity, 116-126V DC. Finally, special attention should be 
focus on the safety. The Table 2 presents the examined parameters together with the score of each 
one as well as the total score of each analytical flow method. 


The SIA fluorimetric methods [N. Amornthammarong and J.-Z. Zhang (2008), C. Frank, F. Schroeder, 
R. Ebinghaus, W. Ruck, (2006)] were top ranked compared to the others, according to the trade-off 
methodology. Among the commercially available SIA systems coupled with a fluorimetric detector, 
the miniSIA analyzer seemed to be more promising and selected for further evaluation. The miniSIA 
analyzer is an automated and miniaturized integrated system with a low volume and mass (size: 200 
mm x 300 mm x 250 mm; weight: 7.5 Kg, power: 110-250VAC, 2.5A). It is an easy-to-use system 
which allows for an automatic handling of the solutions without any human intervention, avoiding 
any potential errors, regarding overpressure or overheating of the system. In addition, it uses low 
volumes of sample/reagents solutions resulting in low production of wastes, considering not only the 
restricted space inside the ISS, but also the weight. Finally, the operation of the whole procedure in a 
totally “closed loop” makes it microgravity applicable and prevents problems like leakage or gas 
elimination, which could create harmful environment inside the limited and isolated space station. 


Table 2: Trade off methodology of the examined flow methods 
B 


Trade off criteria Scale Weighting A C D E F G 
factor 
Limit of 0-5 10 50 50 50 50 50 50 50 
Detection 
Limit of 0-5 9 45 45 45 45 45 45 45 
p Quantitation 
ara Working range 0-5 3 12 15 12 12 12 6 9 
Selectivity / 0-2 5 0 0 10 10 10 0 0 
interferences 
Precision 0-10 4 36 28 40 40 20 28 32 
Accuracy 0-5 6 18 18 30 30 24 18 30 
Volume of 0-5 5 25 25 25 25 25 25 25 
analyzer 
Mass of the 0-5 5 25 25 25 25 25 25 25 
; analyzer 
Aion Sample volume 0-5 5 25 25 25 25 25 20 25 
Characteristics 
Wastes Volume 0-5 5 20 25 25 25 25 20 25 
Power 0-3 4 12 12 12 12 12 12 12 
consumption 
Maintenance 0-5 10 0 0 30 30 30 0 0 
Hazardous 0-5 10 40 40 30 30 20 40 30 
oes Reagents / 
Safety Criteria Wastes 
Heating 0-2 10 20 20 0 0 0 20 20 
Total score 328 328 359 359 303 314 328 


*A, MPFIA-GD-Conductimetric [8]; B, MSFIA-GD-Conductimetric [6], C, FIA-OPA-SULFITE-Fluorimetric [3]; D, SIA-OPA-SULFITE- 
Fluorimetric [9]; E, FIA-INDOPHENOL-UV-Vis [4]; F, SIA-GD-INDICATOR-UV-Vis [5]; G, MCFIA-GD-INDICATOR-UV-Vis [7]. 
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3.2 Chemical and flow parameters optimization 
All chemical and flow parameters of the proposed system considering the requirements for space 
adaptation and safety criteria were thoroughly studied. 


Effect of temperature: The chemical reaction which takes place in the OPA method is depended on 
the temperature of the mixture inside the holding coil, affecting the formation of the fluorescent 
product. The effect of temperature was studied from 30 to 80 °C. The experimental results showed 
that the increase of the temperature was effective in accelerating the desired reaction in the studied 
region, as it increased the fluorescence intensity (Figure 2). However, 70 °C were selected in order to 
avoid any possible bubbles formation inside the closed system. 


Effect sample aspiration order: In SIA methods, the aspiration order of the solutions into the holding 
coil is a key factor to the formation of the fluorescent product. Six reagents/standard aspiration order 
combinations have been studied. The results showed that the highest sensitivity was achieved by 
consecutive aspiration of 20 uL of 15.0 mmol L! OPA solution, 20.0 uL of 2.0 mg L NH4* standard 
and 20.0 uL of 3.0 mmol L! sodium sulfite solution, as given in Figure 3. Thus, the aspiration order 
of OPA-Standard/Sample-Sulfite was adopted. 


Effect of concentration and volume of OPA solution: The concentration of OPA solution and its 
aspirated volume inside the holding coil are of high significance to its complexation with ammonia, 
affecting the efficient formation of the fluorescent product. The effect of OPA concentration was 
studied at concentrations between 0.5 and 50.0 mmol L"!, while the effect of the volume was studied 
at the range of 20.0 - 50 uL. The concentrations of NH4* standard and sulfite solutions were 2.0 mg 
L! and 3.0 mmol L“, respectively. The fluorescent intensity increased as the concentration of the 
reagent increased up to 3.0 mmol L! and, then, remained practically stable. Regarding the aspirated 
volume of OPA solution, the results showed an increase in the intensity by increasing the volume up 
to 40.0 uL, while at higher values a slight decrease was observed. Hence, a volume of 40.0 uL of 
OPA solution at a concentration level of 3.0 mmol L! was chosen as optimum. 


Effect of sample volume: In on-line flow systems, sample volume plays a significant role affecting 
the sensitivity of the method. In order to evaluate the influence of the sample volume on the intensity, 
a standard solution of NH4* at a 2.0 mg L" concentration level was used, varying the aspirated volume 
within the range 5.0 - 60.0 uL. The experimental results showed a positive correlation of the analytical 
signal with the sample volume up to 40.0 uL, leveling off at 50.0 uL, while at higher volumes, a slight 
decrease of the signal was observed (Figure 4). Therefore, a sample volume of 40.0 uL of was adopted 
for further studies. 
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Temperature °C) 
Figure 2: Effect of temperature on the fluorescence intensity of 2.0 mg L! NH4+*. Heating 
time: 90 s. Error bars were calculated based on standard deviation values (+1s) 
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Figure 3: Effect of reagents/standard (or sample) aspiration order on the fluorescence 
intensity of 2.0 mg Lt NH4* 


Effect of concentration and volume of sodium sulfite solution: The presence of sodium sulfite as a 
reducing agent enhances the sensitivity and the specificity of the reaction between OPA and 
ammonium ion, by eliminating possible interferences of dissolved amino acids and primary amines 
[Z. Genfa and P. K. Dasgupta (1989)]. Experiments using different concentrations of sodium sulfite 
solution showed that at 3.0 mmol L! concentration level the fluorescent reaction was maximum and, 
thus, it was employed for the study of the effect of its volume on the fluorescence intensity. The 
aspirated volume of sulfite solution was studied in the range between 5.0 and 25.0 uL. An increase 
of the analytical signal was observed by increasing the sulfite volume up to 20.0 uL, while then it 
was leveled off. Consequently, a volume of 20.0 uL was used as optimum. 
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Figure 4: Effect of sample volume on the fluorescence intensity of 2.0 mg L- NH4+*. Error bars 
were calculated based on standard deviation values (+1s) 


Interferences: The water system in ISS recycles cabin condensate, hygiene waters and urine. Thus, 
primary amines are a potential interference, which has been studied at concentrations up to 0.40 mg 
L! CH3NH> for interfering in 0.50 mg L! NH4* determination using the optimized method. Higher 
concentrations of methylamine are not expected, according to the Reference Documents of ESA for 
the quality of the recycled water in ISS. Another compound that could act as interference is the silver 
ion which is used as a disinfectant in the ISS water system [M. P. Arena, M. D. Porter and J. S. Fritz 
(2003)]. Experimental results revealed that CH3NH2 and Ag(I) can be tolerated at least up to 0.40 and 
1.0 mg L! (Table 3). 
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Table 3: Potential interferences in 0.50 mg L- NH4* determination with the miniSIA method 


Interferences Concentration (mg Lt) Deviation (%)* 


CH;NH, 0.10 -0.4 
0.20 2.0 
0.40 9.9 
Ag(|) 1.00 0.8 


3.3 Chemical and flow parameters optimization 

The analytical performance characteristics of the miniSIA method for NH4* determination under the 
optimal conditions were calculated and presented below. With a total analysis time of 174 s, the 
proposed method was linear from 0.06 mg L~! up to 4.00 mg L! NH4+*, while the sensitivity, S (slope 
of calibration curve) was S$ = 13218 L mg. The detection limit, based on 3s criterion, was found to 
be 0.018 mg L'!, while the quantification limit, based on 10s criterion, was found to be 0.06 mg LI, 
according to IUPAC [International Union of Pure and Applied Chemistry (IUPAC)]. The “intra-day 
precision” was calculated to be 2.30 % (at 0.50 mg Lt, 5-subsequent times), while the “inter-day 
precision” was calculated to be 2.40 % (at 0.50 mg L"!, 5-times 5-subsequent days). 


In order to validate the accuracy of the proposed method, an NTRM reference material was analyzed 
using the miniSIA Flow Analyzer under the proposed method. The reference material was an 
ammonium standard solution traceable to SRM from NIST NH.Cl in H:O 1000 mg L! NHat* 
CertiPUR®. The relative error was calculated to be 2.52%. The accuracy of the method was also 
tested using the certified method (indophenol blue) for ammonium determination [Standard Methods 
for the Examination of Water and Wastewater]. For this purpose, three potable artificial water 
samples (PAW) as well as three hygiene artificial water samples (HAW) at different concentrations 
of ammonium were prepared and analyzed with both the miniSIA method and the certified method. 
The results are presented in Table 4. The overall relative errors were 3.39% and 2.33% for PAW and 
HAW samples respectively. 


Table 4: Accuracy of the miniSIA method comparing with the Certified Method 
Certified Method miniSIA method 


Sample True value Actual value Actual value Relative 
(mg L!) (mg L’) (mg L`’) Error (%) 
PAWI 0.00 0.00 0.00 0.00 
PAW2 0.40 0.33 0.32 3.03 
PAW3 0.80 0.7 0.75 7.14 
Overall relative error 3.39 
HAWI1 0.00 0.0 0.0 0.00 
HAW2 1.00 1.05 1.08 2.86 
HAW3 5.00* 5.72 5.38 5.94 
Overall relative error 2.93 


* after 1:1 dilution 


The volume of the consumed solutions and produced wastes during the analytical cycle is also an 
issue to be considered in case of an analyzer for possible operation in a space shuttle. These volumes 
were calculated during an analytical cycle using the miniSIA ammonium analyzer and are presented 
in Table 5. The very small amounts of sample and reagents solutions as well as the wastes have been 
considered as acceptable to be used in space missions, allowing the miniSIA analyzer’ s operation in 
a green-friendly manner. 
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Table 5: Volume of consumed solutions and produced wastes during the analytical cycle 


Solutions 


Volumes of consumed 
solutions (uL) 


Volumes of produced 
wastes (uL) 


Sample/std solution 40.0 40.0 
OPA solution 40.0 40.0 
Sodium sulfite solution 20.0 20.0 
Carrier solution 390.0 390.0 
Total volume 490.0 490.0 


The developed method was applied to the determination of ammonium in real water effluents 
produced by the Water Treatment Unit Breadboard (WTUB) located in the Antarctic Concordia 
research station. Concordia is a selected place from ESA to test the water recycling system, similar 
to that in ISS, as it is a realistic simulation for some aspects of human spaceflight. Three different 
types of water samples were provided by ESA: 1 (urine and shower water), 2 (shower water) and 3 
(grey water). These water samples have similar chemical composition as the ones of the recycled 
water on board the ISS. The water samples were analyzed with the miniSIA and the certified method 
and the results were compared (Table 6). 


Table 6: Results of the analysis of WTUB water samples by CM and miniSIA 


Sample CM (mg L!) miniSIA (mg L`’) Standard error (%) 
1 (urine+shower) 3.55 3.28 -7.6 
2 (shower) 0.34 0.32 -5.9 
3 (grey water) 18.66 19.02 +1.9 


The results of ammonium determination in WTUB water samples ranged between 0.30 up to 19.00 
mg L". Regarding the comparison of miniSIA with the CM method, good agreement was observed, 
and the percentage error ranged from -7.6% up to +1.9%, which complies with the space flight 
requirement for accuracy. 


4. CONCLUSIONS 


A trade off methodology has been developed for the evaluation of the published flow methods for 
ammonium/ammonia determination in terms of the ISS requirements for proper operation in space 
conditions. The miniSIA analyzer coupled with a fluorimetric detector was selected among other flow 
systems and evaluated with a view to a possible use for water quality monitoring in recycled potable 
and hygiene water samples in a microgravity environment. The analyzer is adaptable to space flight 
requirements considering that its volume and mass are suitable for the limited room-space inside the 
ISS. In addition, it allows for automatic handling of the solutions as well as the use of minimum 
sample and reagents volumes, resulting in low waste generation per analytical cycle. It is an integrated 
system which performs the analysis principle and measurements in a closed flow system without any 
crew involvement avoiding any possibility for fluid or gas discharges Thus, it conforms to the safety 
requirements not only for the crew, but also for the ISS environment. 
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Abstract 

The construction of natural waste processing systems should take into account a wide range of 
territorial and legal factors in order to reduce negative impacts on the environment. This article 
describes the contribution of Geographical Information Systems (GIS) technology to generate spatial 
data for site assessment in small settlements, for the construction of natural waste processing systems 
by using artificial wetlands (AWL’s) method. The site suitability is assessed on a scale based on 
territorial indexes that measure the risk of contamination of the following environmental components: 
surface water, groundwater, atmosphere, soil and human health. The GIS technology described in this 
article has been used to evaluate an area for the construction of an AWL in the settlement Orinis of 
Municipality Serres in Greece, with fewer than 2000 people, where there isn't a waste processing 
system. The results showed that the use of GIS technology is a base tool to analyse and make decisions 
for the finding of areas for construction of natural waste processing systems that constitute the optimal 
solution to protect the environment for small settlements according to the European Union waste 
management program. 


Keywords: artificial wetland system; geographical information systems (GIS); waste waters 
1. INTRODUCTION 


Landfill siting is a complex process involving social, environmental and technical parameters as well 
as government regulations. As such, it evidently requires the processing of a massive amount of 
spatial data. Various landfill siting techniques have been developed for this purpose. Some of them 
use Geographic Information Systems (GIS) to find suitable locations for such installations (Zamorano 
et.al., 2008; Kontos, D, Th. et al., 2003; Siddiqui M., 1996). For example, in the past, Lin and Kado 
(1998) developed a mixed-integer spatial optimization model based on vector-based data to help 
decision makers find a suitable site within a certain geographic area (Lin and Kado, 1998), while 
recently Heidi et.al. are described the contribution of Geographical Information Systems (GIS) 
technology to generate spatial data for site assessment in small settlements, for the construction of 
natural waste processing systems by using AWL’s method (Heidi et.al., 2016). According to Alemany 
et al. these systems constitute the optimal solution to protect the environment of small settlements 
(Alemany et.al., 2005) and the site suitability must is assessed on a scale based on territorial indexes 
that measure the risk of contamination of the following environmental components: surface water, 
groundwater, atmosphere, soil and human health (Dai et. Al., 2016). This article describes the 
contribution of Geographical Information Systems (GIS) technology to generate spatial data for site 
assessment in small settlements, with fewer than 2000 people, for the construction of natural waste 
processing systems by using artificial wetlands method. The GIS technology described in this article 
has been used to evaluate an area for the construction of an AWL in the settlement Orinis of 
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Municipality Serres in Greece, with fewer than 2000 people, where there isn't a waste processing 
system. 


2. METHODOLOGY 


2.1 Phase 1: Plotting artificial wetlands plants (AWL’s) with GIS Tool 

The current map projection system in Greece is the Transverse Mercator Projection 6° (TM_ 87) and 
Datum, GGRS_87 with GRS_80 ellipsoid (Kariotis and Panagiotopoulos, 2013). HMGS’ schematic 
maps on a scale of 1:5,000 were used for the vectorization of the road and hydrographic network. The 
1:5,000 scale allows for accuracy of about 1.25 m during the vectorization (resolution 1⁄4 mm in 
relation to the scale). HMGS’ schematic maps are in azimuthal projection (HATT) with Bessel as a 
reference ellipsoid. Greece has been divided in large 1:100,000 mapsheets, each of which has its own 
Cartesian coordinate system. The 1:5,000 HMGS maps refer to 1:100,000 mapsheets where the 
mapsheet centre distance is per 30’ (large mapsheets). HATT was converted to TM_87 (GGRS_87). 
Simultaneous, the Orthophotomaps of the National Cadastre and Mapping Agencywere used to locate 
forest areas so that siting in said areas could be avoided. For this aim, ArcGIS program and EGSA 
projection system_87 were used with 421,501 points in X, Y, Z format. The points were input in such 
a way that a simple data file can be converted to usable information, exportable to shape file. 


2.2 Phase 2: Parameterization of the model 

The eligible sites must fall within the boundaries of the study area, which are also the administrative 
boundaries of the settlement. An additional criterion is for the site to be in such a position that allows 
for the transport of the waste through gravity alone (minimizing operational cost). Therefore, the 
desirable altitude of the unit should be lower than that of the lowest part of the designated boundaries 
of the settlement, according to the prefectural planning decisions which demarcate the settlement. 
Spatial queries were submitted so that the information returned fulfil the requirements above. The 
queries were submitted so that there is a circumferential safety margin in the rendering of the terrain 
(i.e. there will be no gaps in the terrain). 


3. APPLICATION OF THE METHODOLOGY: RESULTS AND DISCUSSION 


3.1 Point selection 

According to criterions of point selection (see methodology), discern that there are 1,413 sites within 
the settlement boundaries. Classified by altitude, it ensures that the site with the highest altitude is 
Z=899.64m and the lowest is Z=711.71m. Thus, a second query was submitted to the system, which 
deals with the selection of sites with an altitude lower than 711.71m (select by Attributes) from the 
total number of the areas introduced in the system. The sites were then limited to the south side of the 
settlement. This area fulfills the requirements above. 


Upon this result, the third spatial query was introduced to choose the areas that are included within 
the study area that is the administrative boundaries of the settlement. Selection of areas within a 50m 
radius of the administrative boundaries of the settlement is recommended (and applied in this study) 
to ensure that the relief of the terrain corresponds to the boundaries of the area and there are no gaps. 
The result is the highlighted blue area in Figure 1. With the procedure mentioned above, the initial 
421,501 points have been limited to 25,854. The Attribute table shows that the altitude variation 
ranges between 711.70 and 348.68 m. 
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Figure 1: Result Select by Location 


3.2 TIN (triangulated irregular network) creation 

The Delaunay triangulation is fundamental in computational geometry and is used for terrain 
modelling. TIN creation aims for the digital rendering of the terrain and contributes to spatial 
selection as it calculates the slope of the terrain. Therefore, with a similar query, polygons with less 
than 10% ground gradient can be chosen and the researcher can limit their research in alternative 
positions that will emerge (Astaras et.al., 2011) (Figure 2). The application of the algorithm shows 
that 51,676 triangles have been created covering the area, the slope of each has been calculated and 
expressed as a percentage (%) and the orientation is also calculated. The result of Figure 2 includes 
triangles whose size is bigger than 200 m? (gray areas). Provided the primary points were distributed 
in grid data per 20m in X and Y, the triangles created will have a maximum area of 200m’. Any larger 
triangle is located circumferentially of the area in question and contains incorrect information. With 
the fourth query, only triangles with an area <200m? are requested. Out of 52,676 triangles, 50,609 
were selected, which have an area of <200 m°, which means that the gray areas in Figure 2 were 
removed. Figure 3 shows the area without such errors. The next selection criterion is the slope that 
was defined at <10% to save up on earthworks. The next task is to integrate adjacent triangles so that 
there is a single polygon from which the area will initially be assessed. 


Figure 2 Colour gradation 


Chalatatemcsuls Figure 3: TIN debugging 


After the integration, 551 polygons were created out of the original 1,023 triangles. Sorting the table 
by AREA and descending order it is discernible that there are only 6 integrated locations with an area 
> 3,000 m°. In this point, the research will focus on locations: far (1st alternative) and next to (2nd 
alternative) from final recipient stream, Figure 4. 
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Figure 4: Six locations with an area > 3,000 m2 


Through geodata.gov.gr, we can reject additional areas downstream by uploading the hydrographic 
network and importing the shape file in the working environment. When georeferenced pictures of 
MinAgric are imported, from which information about the ownership status is obtained, Figure 5 
occurs. 
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2nd alternative: A=3,200 m7, distance from settlement boundaries 2,000 m. This alternative rejected, 
because it is downstream from the final recipient (Figure 7). 


Figure 7: 2nd alternative 


If the area query is expanded to include areas under 3,000 m2, two more interesting alternatives come 
up, which are not only adjacent to the final recipient but also connected to neighbouring areas, 
therefore eligible for the location of the unit. 


4. CONCLUSION 


Environmental management is, to a large degree, a spatial procedure. The data used for the placement 
study require the clear definition of the criteria and characteristics these places should govern. 
Therefore, combinational, multi-parameter and multi-level interpretation of map data is required to 
reject or accept alternate site locations. The proposed criteria are financial and concern the 
minimization of construction and operating cost of the unit. In the placement study, alternative sites 
that fulfil the criteria are selected and eventually the most appropriate one is chosen. The slope of the 
land, the distance from the settlement (which also affects the anthropogenic factor) and the possible 
expropriation required for the construction play a major role in the construction cost. The use of GIS 
deals with spatial and descriptive issues without substituting the researcher but minimizing the 
alternate site research time and giving results that fulfil the required criteria. Therefore, an interaction 
between the researcher and the software develops in which the researcher defines the criteria and the 
software in essence carries out the repetitive process of testing to reach one or more optimal results. 
The results showed that the use of GIS technology is a base tool to analyse and make decisions for 
the finding of areas for construction of natural waste processing systems such as AWL's that constitute 
the optimal solution to protect the environment for small settlements according to the European Union 
waste management program 
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Abstract 

In this study Fe-Mn bimetal modified kaolin clay mineral was synthesized and its performance for 
As(III) removal from groundwater was evaluated. The adsorbent was characterized using XRF, FTIR 
and SEM. The adsorbent contains SiO2 (39.39%), AlO3 (9.89%), FeO (16.66%) and MnO (4.02%) 
as main chemical constituents. Its morphology appears more porous and granulated. Effect of contact 
time, initial pH, initial concentration and co-existing ions on As(III) removal by Fe-Mn bimetal 
modified kaolin were evaluated using batch experiments. The results showed that the % As(III) 
removal was above 80% at initial pH range of 2-10 from initial As(II]) concentration of 5 mg/L, 
contact time of 60 min at 250 rpm shaking speed, adsorbent dosage of 0.4 g/100 mL. The adsorbent 
was successfully regenerated for up to 4 adsorption-desorption cycles. The adsorption of As(II) in 
presence of co-existing anions can be summarized in a decreasing order of Cl> F> NO3>SOq” 
>CO3*. The adsorption data fitted better to pseudo second order reaction kinetic model indicating 
that adsorption occurred through chemisorption. Furthermore, isotherm data was described by 
Langmuir adsorption isotherm model. These results proved that Fe-Mn bimetal modified kaolin clay 
mineral is a promising adsorbent for As(III) remediation from groundwater. 


Keywords: Adsorption; Characterization; kaolinite; Pseudo second-order; Langmuir adsorption 
isotherm. 


1. INTRODUCTION 


Clean and drinkable water is a necessity for human wellbeing. Nowadays there is reduction in clean 
water due contamination of water bodies by geochemical factors and industrial activities. Arsenic is 
one of the contaminants of that poses threat to living organisms, in particular human beings. It is 
linked to development of various types of cancer, skin thickening and neurological disorder diseases 
(Tiwari and Lee, 2012). Evidence of these diseases and their link to arsenic has been reported in 
countries such as India, China, Mexico, Bangladesh, Chile and United States (Naujokas et al., 2013; 
Rahman et al., 2018). 

Due to increasing incident rate of arsenic related diseases, the World Health Organization (WHO) 
reduced the standard of arsenic in water for human consumption to 0.01 mg/L from 0.05 mg/L in 
1993 (WHO, 1993; Smith and Smith, 2004). This standard has been accepted by several countries 
including South Africa (Kempster et al., 2006). As such in areas where there is no alternative source 
of clean water, efforts need to be directed towards removal of arsenic to a permissible limit of 0.01 
mg/L. Adsorption is often considered as a sustainable and flexible method for arsenic removal and 
other contaminants due to its simplicity in design. Several adsorbents such as iron coated cement 
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(Kundu and Gupta, 2007), Fe/Al bimetallic (Cheng et al., 2016), lepidocrocite (Wang and Giammar, 
2015), modified montmorillonite (Ren et al., 2014), surfactant modified bentonite clay (Su et al., 
2011), hydrous ferric oxide (Wilkie and Hering). 

Iron oxides have shown higher adsorption efficiency in wide range of pH towards arsenic species 
mainly As(V) than As(III) which is highly toxic. As such pre-oxidation of As(IID to As(V) is widely 
preferred to enhance its removal by iron oxides based sorbents. Manganese oxide is a known to be a 
good oxidizing agent for As(III). For this reason, several studies has been conducted on synthesis of 
Fe-Mn binary sorbent for arsenic removal from water (Li et al., 2012; Zhang et al., 2012; Cui et al., 
2014; Qi et al., 2015). Although clay modified with iron oxides and manganese oxides has been 
evaluated for arsenic removal (Mishra and Mahato, 2016), little has been done in synthesis of clay 
based Fe-Mn binary sorbents. Therefore, this present study aims at 1) to synthesize Fe-Mn binary 
coated clay adsorbent for As(II]) removal, 2) to optimize the conditions for As(III) removal using 
synthesized adsorbent, 3) to elucidate As(III) removal mechanism. 


2. MATERIAL AND METHODS 


2.1 Materials 

Locally available kaolin clay soils containing quartz and kaolinite as main minerals was collected 
from Dzamba Village, Limpopo Province South Africa. All chemical reagents were purchased from 
Rochelle Chemicals & Lab Equipment CC, South Africa Ltd and were of analytical grade and they 
were used without further purification. Stock solutions containing 1000 mg/L As(IIJ) was prepared 
by dissolving 0.1733 g AsNaO> respectively, in a 100 mL flask using Milli-Q water (18.2 MQ/cm). 
The solution was preserved by adding few drops of 3 M HNOs. Working solutions were prepared by 
appropriate dilutions. 


2.2 Synthesis of Fe-Mn bimetal modified kaolin rich mineral 

To synthesize Fe-Mn binary modified kaolin clay (FMK), solutions of Fe and Mn were mixed 
together at a volume ratio of 7.5 mL: 2.5 mL (Fe: Mn) in a 250 mL plastic bottle to make up a final 
volume of 10 mL. To this, 1 g of clay was added and the mixture was agitated for 10 min to ensure 
proper soaking. This was followed by addition of 20 mL of 2 M NaOH to the mixture to precipitate 
Fe and Mn into their respective oxides. The mixture was agitated for further 60 min and then aged 
for 48 hours for further precipitation. Thereafter, the mixture was centrifuged at 3000 rpm. And the 
residues were washed with Milli-Q water to remove excess supernatants till the pH was close to 
neutral and then oven dried for 12 hours at 110 °C. Modified clay was then milled to pass through 
250 um sieve and then stored in a zip lock plastic bag. 


2.3 Physicochemical characterization of the modified clay 

Elemental composition of the modified clay were examined using S1 titan hand held XRF (Bruker, 
Germany). Functional groups were determined using ATR Diamond FTIR (Bruker, Germany). The 
morphological characteristics determined using scanning electron microscopy (SEM) (Leo1450 
SEM, Voltage 10 kV, working distance 14 mm). 


2.4 Batch adsorption experiments 

The efficiency of Fe-Mn bimetal modified kaolinite clay mineral in As(III) removal was evaluated 
using batch experiments. Parameters such as contact time, adsorbent dosage, adsorbate concentration 
and initial solution pH were evaluated. To evaluate the effect of contact time, 100 mL solution contain 
5 mg/L As(IID) was pipetted onto 250 mL plastic bottle and 0.1 g of the modified clay was added. 
Mixtures were agitated for various contact times ranging from 10 to 120 min on a Stuart Reciprocator 
Table Shaker. To evaluate the effect of adsorbent dosage, the clay mass was varied from 0.05 to 0.5 
g. For the effect of adsorbate concentration, the concentration was varied from 1 to 30 mg/L and to 
evaluate the effect of pH the initial solution pH was adjusted from 2 to 12 using 0.1 M NaOH and 0.1 
M HCl. The effect of co-existing anions was carried out in the presence of 5 mg/L of Cl, F, NOs, 
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CO3*, SO4”. After agitation, samples were filtered using 0.45 um pore filter membrane using a 
vacuum pump. The solution pH was measured using JENWAY 3510 pH meter. The residual As(IID) 
concentration was measured using ScTRACE Gold electrode attached to 884 professional VA 
Polaography (Metrohm, SA). A composite solution containing 1 mol/L sulfamic acid, 0.5 mol/L 
citrilc acid and 0.45 mol/L KCI was used an electrolyte. All experiments were carried out in triplicate 
and the mean values were reported. Equation 1 and 2 were used to compute the percentage of removal 
and the adsorption capacity respectively. 

Ci—Ce 


% removal = (1) x 100% (1) 


Ci 


w= E$) 


Where Ci and Ce represent the initial and equilibrium As(III) concentration (mg/L) respectively and 
m represent mass of the dry adsorbent (g). V is the volume (L) and qe is the adsorption capacity 


(mg/g). 


2.5 Adsorbent regeneration and reuse 

To evaluate the reusability of the adsorbents, 4 repetitive adsorption cycles were conducted as 
follows: 100 mL of solution containing 5 mg/L of As(IID) was pipetted into 250 mL and 0.4 g of the 
clay soils was added to make adsorbent dosage of 0.4 g/100 mL. Mixtures were agitated for 60 min 
at 250 rpm. After agitation samples were filtered through 0.45 um filter membranes. Residues were 
rinsed with Milli-Q water to remove free As(III) ions and then oven dried at 105 °C and reused for 
adsorption. For regeneration, residues were treated with 100 mL of 0.01 M NazCOs for 30 min to 
desorb the adsorbed ions thereafter samples were filtered to through 0.45 um filter membrane and 
then washed gently with Milli-Q water. The regenerated adsorbent was then used for As(III) 
adsorption. The procedure was repeated up to 4" adsorption cycles. 


3. RESULTS AND DISCUSSION 


3.1 Physicochemical characterization 

3.1.1 Bulk chemical composition 

Table 1 presents major and minor chemical composition of raw kaolinite and Fe-Mn modified 
kaolinite clay. From the results it is observed that SiO2 and AlO3 are the major chemical oxides of 
the clay. After modification an increase in Fe2O3 and MnO was observed which shows that the 
material was successfully coated. Furthermore, a decrease was observed in the percentage 
composition of other oxides. This could be attributed to ion exchange, dilution and dialumination 
during modification. 


Table 1: chemical composition of raw and modified clay. 


Oxides(%w/w) | SiO2 AlO | Fe203 | MnO MgO CaO K20 TiO2 
Raw 56.06 | 22.05 3.88 0.01 0.57 0.95 0.16 1.76 
Modified 39.39 10.08 16.66 | 4.02 LOD 0.55 0.13 1.31 


3.1.2 Morphological analysis 

Figure 1A and B presents SEM micrographs of raw and modified kaolin clay soils, respectively. The 
morphology of the raw clay appears spongier with some irregular shaped agglomerates. After 
modification, the surface appears more porous with irregular shaped agglomerates. The EDS 
spectrum for the modified clay confirmed the presence of Mn and Fe on the surface of the clay. Which 
shows that the surface of the clay has been modified successfully. 
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Figure 1: Micrographs of raw and modified kaolin clay soil. 


3.1.3 FTIR analysis 

The FTIR spectra of raw and modified kaolin clay recorded is presented in Figure 2. The spectra 
showed major band at 3619.36 cm’ showing the vibration of structural -OH group of the clay 
material. The bands observed at 3633 and 1601 cm’! could be attributed to vibration of hydroxyl 
groups in due to physiosorbed water and the hydroxyl groups located between the octahedral and 
tetrahedral sheets of the clay. 


Raw clay 


Transmittance 


2000 2500 


Wavelength (cm-1) 


Figure 2: FTIR spectra of raw, modified clay (FKM) and after As(III) adsorption (FKM-As) 
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The band at 1020 cm’! could be associated with the vibration of Si-O. The bands at 918, 762.96, 665 
and 532 cm! could be ascribed to the vibration of Al-OH-AI, Al-O-Si. After modification, a decrease 
in the transmittance intensity of major bands at 1020, 918, 762. 96, 665 and 532 cm-1 was observed. 
This could be ascribed to loss of silica and alumina during modification of the clay with Fe-Mn 
oxides. A slight increase in these band was observed in the spectra recorded after As(II) adsorption. 


3.2 Batch experiments 


3.2.1 Effect of contact time and adsorption kinetics 

The effect of contact time on As(III) adsorption capacity by Fe-Mn modified clay is depicted in Figure 
3. It is observed that the adsorption capacity increased with increasing contact time reaching a 
maximum of 5.68 mg/g at 120 min. The increase in sorption capacity could be attributed to 
availability of more active sites in the adsorbent. The system reached equilibrium within 60 min and 
it was therefor used as optimum contact time for subsequent experiment. To further illustrate the rate 
limiting steps and possible reaction mechanism, linear equations of pseudo first order and pseudo 
second order reaction models (Eq. 3 and 4) together with the intra-particle model of Weber Morris 
(Eq. 5) were used (Tran et al., 2017; Weber and Morris, 1963). 


log( de — qe) = 325+ logge (3) 
t al 1 

ao la) Yee (4) 
qt = Kiat? + C; (5) 


Where ge and q: (mg/g) are the adsorption capacities of As(IID) on the adsorbents at the equilibrium 
and at time t (min), K; (min!) and K2 (mg/g. min`’) are the rate constants of the pseudo first order 
equation and pseudo second order equation, respectively. Kia (mg/g. min!) is the intra-particle 
diffusion rate constant and C; is the intercept. 

The adsorption data was described better by pseudo second order model as shown by the plot in 
Figure 4 as compared to pseudo first order model (figure not presented). This suggests that AsH) 
adsorption occurred via chemisorption. This was further confirmed by the models constant values as 
presented in Table 2. The intra-particle diffusion plot showed three different phases (Figure 5). The 
first linear plot indicate adsorption of As(III) on the external surface of the adsorbent, second plot 
indicate the film transport of As(IID) into the pores of the adsorbent and lastly the third one indicate 
the intra-particle diffusion at equilibrium. The Kia value phase 1 was higher compared to Kia values 
at phase 2 and 3 indicating that adsorption on the external surface was much faster compared to other 
phases. This could be attributed to increasing mass transfer resistance as confirmed by increasing 
boundary layer thickness constant (C;) value from phase | to 3. 


Table 2: Constant values for Pseudo first order and second order reaction kinetics models. 


Pseudo first order Pseudo second order 
K1 (min) qe (mg/g) R? K?(g/mg.min'') | qe (mg/g) R? 
0.027 1.76 0.89 0.028 6.0 0.99 


Table 3: Constant values for Intra-particle diffusion model. 


Kiai (mg/g. | Cii Kia2 (mg/g. | Ci2 Kias (mg/g. | Cis 
min?5) min?5) min?5) 
0.724 1.22 0.241 3.77 0.05 5.10 
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Figure 3: Effect of contact time on As(III) adsorption capacity (0.1g /100 mL adsorbent 
dosage, 5 mg/L adsorbate concentration, 6.4 solution pH and 250 rpm shaking speed). 
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Figure 4: Linear plot for pseudo second order. 
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Figure 5: Intra-particle diffusion plot. 


3.2.2 Effect of adsorbent dosage 

Figure 6 presents the effect of adsorbent dosage on As(III) percentage removal and also on the qe 
(mg/g) adsorption capacity. The results showed that the percentage As(III) removal increased with 
increasing adsorbent dosage up to 0.4 g/100 mL thereafter, no further increase was observed. 
Conversely, the adsorption capacity decreased with increasing adsorbent dosage. The trend is linked 
to increasing active adsorption sites for a limited As(IID) ions available in the solution as the adsorbent 
dosage increases. Therefore, 0.4 g/100 mL was chosen as the optimum adsorbent dosage for 
subsequent experiments. 


% As(IIl) removal 
qe (mg As(IIl)/g 


30 
0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 


Adsorbent dosage (g/100 mL) 


Figure 6: Effect of adsorbent dosage onto % As(III) removal and As(III) adsorption capacity 
(Adsorbate concentration 5 mg/L; pH 6.32 and contact time of 60 mins at 250 rpm). 
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3.2.3 Effect of adsorbate concentration and adsorption isotherms 

Figure 7 depicts the effect of adsorbate concentration on % As(III) removal and As(III) adsorption 
capacity. It is evident that the percentage As(II) removal decreases with increasing adsorbate 
concentration while the adsorption capacity increases as the initial concentration. This could be 
attributed to increasing ratio between the active adsorption sites and the adsorbate molecules as the 
concentration increases. At lower concentration, the ratio of active sites is to As(III) ions is higher 
resulting in sufficient interaction of ions with the active sites for efficient As(III) removal. 

To further illustrate the relationship between the adsorbate concentration and the adsorbent the linear 
equations for Langmuir (Eq. 6) and Freundlich (Eq. 7) isotherm model were used (Langmuir, 1918; 
Tran et al., 2017). 


Ce 1 1 
qe (Ga) Ce Oaks (6) 
log qe = nlogC, + log Kr (7) 


Where Ce (mg/L) is the As(III) concentration at equilibrium, ge (mg/g) is the adsorption capacity at 
equilibrium, Qmax (mg/g) is the maximum saturated monolayer adsorption capacity, Kz (L/mg) is the 
constant related to the affinity between adsorbent and adsorbate, Kr (mg/g) is the Freundlich constant 
related to adsorption capacity and n is the Freundlich intensity parameter which indicate the 
magnitude of the adsorption driving force or the surface heterogeneity. The value of Qmax and Kz are 
determined from the slope and intercept of Ce/qe Vs Ce while the value of Kyand n are determined 
from the slope and intercept of log qe Vs log Ce. The data for adsorption of As(III) by Fe-Mn modified 
clay fitted better to Langmuir adsorption isotherm as compared to Freundlich isotherm model. Figure 
8 shows the plot for Langmuir isotherm model while Table 4 presents the constant values for both 
isotherm models. The better fitting to Langmuir isotherm model suggests monolayer uniform 
adsorption on the surface of the adsorbent. 

Table 4: constant values for Langmuir and Freundlich adsorption isotherms. 


Langmuir adsorption isotherm Freundlich adsorption isotherm 
qm (mg/g) Kı (L/mg) R? Kt (mg/g) n R? 
2.07 0.64 0.99 1.54 0.44 0.90 
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Figure 7: Effect of adsorbate concentration on As(III) removal and adsorption capacity (0.4 g 
adsorbent dosage, 6.33 pH, 60 min contact time at 250 rpm) 
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Figure 8: Linear plot for Langumuir adsorption isotherm. 


3.3.4 Effect of pH 

Figure 9 shows the effect of pH on adsorption of As(IID) removal. It is evident that the percentage 
As(III) removal remained above 80 % from the initial pH of 2-8 and then decrease drastically at pH 
above 8. This trend can be attributed to As(III) speciation at different pH values. At pH <9 the most 
dominant species of As(III) is neutrally charged H3AsO3 whereas at pH>9 the dominant species is 
negatively charged H2AsO3. The decrease in As(III) removal could be attributed to electrostatic 
repulsion between the OH- in the adsorbent surface and also the competition between the abundant 
OH- in the solution and H2AsO3°. 


% As (III) removal 


initial pH 


Figure 9: Effect of initial pH on % As(III) removal (5 mg/L adsorbate concentration, 0.4 g/100 
mL adsorbent dosage and 60 min contact time). 
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3.3.5 Effect of competing anions 

The effect of co-existing anions is presented in Figure 10. The presence of fluoride, nitrate, carbonate 
and sulphate ions showed inhibition of As(III) by FMK by about 1% while chloride showed greater 
influence by about 2.5%. Although the As(III) removal decreased in the presence of other anions, the 
overall % of removal was still beyond 90 %. As such FMK synthesized in this study can still be used 
to treat groundwater containing all these ions. The effect of co-existing anions on As(II) removal can 
be summarized in the decreasing order of Cl > F> NO3>SO47>CO3*. 


3.3.6 Regeneration and reuse 

For the adsorbent to be considered economically viable for use in water it must be able to be reused 
and regenerated effectively. To evaluate the regeneration potential, Na2CO3 was used as a regenerant 
solution. After each adsorption cycle, adsorbent was treated with 100 mL deionized water, oven dried 
and reused for As(II) removal. Figure 11 shows the results for four adsorption- reuse cycles. The 
value for fresh denotes the percentage As(III) removal observed from freshly prepared sorbent. The 
results showed that the % As(III) removal with the first two cycles was almost equal to the one that 
was archived by fresh adsorbent. The percentage removal showed significant decrease going to 3" 
and 4" adsorption cycles. This could be attributed to two possible factors 1) inadequate regeneration 
of the adsorbent and 2) dissolution of major chemical oxides from the adsorbent due to treatment by 
alkaline solution. The same trend was observed after treating used sorbent with Milli-Q water. This 
result signifies that FMK is a possible candidate for As(IID) removal from groundwater. 


% As(III) removal 


Blank Chloride Fluoride Nitrates Carbonates Sulphates 


Figure 10: Effects of co-existing anions in As(III) removal by FMK (5 mg/L As(III) initial 
concentration, 5 mg/L of each co-existing ions, 0.4 ¢/100 mL adsorbent dosage, 6.7 initial pH 
and 60 min agitation time at 250 rpm) 
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Figure 11: Variation of % As(III) removal as a function of regeneration and repeat cycles (6 
mg/L As(IID), 0.4 ¢/100 mL adsorbent dosage, 60 min contact time at 250 rpm shaking speed). 


4. CONCLUSIONS 


The Fe-Mn bimetallic modified kaolin clay was successfully synthesized. The prepared FMK proved 
to be effective for As(III) removal from water. The percentage of removal was found to be above 
80% at pH range between 2 and 8 from the initial As(III) concentration of 5 mg/L using 0.4 g/100 
mL adsorbate concentration after 60 min of contact time. As(III) removal was observed to be low at 
alkaline pH levels. The adsorption kinetics data fitted well to pseudo second order of reaction 
indicating that As(III) adsorption occurred via chemisorption. Furthermore, the data also fitted well 
to Langmuir adsorption isotherm indicating monolayer adsorption of As(II) on the surface of 
adsorbent. The adsorption of As(III) in presence of co-existing anions can be summarized in a 
decreasing order of Cl> F> NO3>SO4?">CO3*. The adsorbent was effectively regenerated and 
reused for 4 consecutive cycles although a decrease in As(III) removal was noted after the 24 
regeneration cycle. The obtained results suggest that FMK developed in this study is a possible 
candidate for As(III) removal from groundwater. 
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Abstract 

Extensive amount of water input together with various chemicals are required by automotive industry. 
The cataphoresis process is composed of two main sub-processes: pretreatment and electrodeposion 
(ED) coating. The retreatment or surface preparation process consists of a series of operations, which 
includes the hot water rinsing, degreasing, rinsing, surface activation and phosphate coating followed 
by several rinsing steps. After these operations, electrodeposition coating takes place. As a result, of 
the cataphoresis process, a metal surface resistant to corrosion and ready to further surface 
applications is obtained. Recycling and reuse of wastewater in this process is of great importance for 
sustainability studies as substantial amounts of water is consumed and wastewater is generated out of 
it. On the other hand, there is limited information in the literature on the reuse of wastewaters 
produced from cataphoresis rinse pools. The wastewater originating from the cataphoresis process 
contains heavy metal ions. In order to remove heavy metal ions from these effluents various treatment 
methods ie. chemical precipitation, adsorption, oxidation-reduction, electrochemical treatment, 
membrane technologies etc. can be used. The economic and technical limitations resulting from 
applying the mentioned methods trigger research activities to focus on promising emerging 
technologies such as removal with nanoparticles. In this context the objective of this study is to 
evaluate the widely used cataphoresis process of automotive industry in terms of its water 
consumption and pollution loads, and to investigate the reclamation and reuse potential of segregated 
effluents arising from this process. The results indicate that 43 % of the continuous effluents arising 
from cataphoresis process is reusable in nature. The amount of reusable wastewater streams can also 
be elevated by adding discharges from cooling system and boiler to the mentioned segregated 
wastewaters. By doing so 20 % of the whole wastewaters can be designated as reusable effluents after 
being subjected to an appropriate treatment. 


Keywords: industrial pollution; wastewater reuse; cataphoresis; automotive manufacturing; 
segregated effluents. 


1. INTRODUCTION 


The depletion and pollution of the water resources can be considered as one of the most important 
environmental problems in the world. Due to industrialization and the increase in the consumption, 
water resources are declining and getting more polluted every day. Over the last decade water 
reclamation and reuse applications have increased as they represent effective approaches for 
conserving limited, high-quality fresh water supplies. To meet the future needs of domestic and 
industrial water requirements and to protect the quality of water resources, methods should be 
developed to reduce water usage and water-wastewater management strategies need to be improved. 
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Therefore, studies on re-use and recovery of wastewater in industrial sectors gain more and more 
significance. 

Effluents from industrial process and operations, such as metal finishing, electroplating and mining 
contain heavy metals. Heavy metals, such as mercury, lead, cadmium, nickel generates toxic 
wastewaters. 

According to the data of 2016, the automotive sector corresponds to about 5 % of the world's 
economy. As a result, the sector is placed as the fourth largest economy with a share of 4 trillion 
dollars (IDBT, 2017). The automotive industry in Turkey plays an important role in the 
manufacturing sector of the Turkish economy. In 2017, Turkey produced more than 1 million motor 
vehicles (AMA, 2017). With a cluster of car makers and parts suppliers, the Turkish automotive sector 
has become an integral part of the global automotive manufacturers network, exporting nearly 28.4 
billion dollar worth of motor vehicles and components (AMA, 2017). 

Quite a high amount of water with various chemical additives are consumed by automotive industry. 
It is stated in the literature that approximately a water usage ranging from 2.31 to 8 m?/vehicle is 
required for car assembly and production (Tejeda et al, 2012). The wastewaters generated from the 
mentioned sector in turn are treated by means of many different technologies; such as micro filtration 
(Zhang et al, 2006), oxidation (Zhu et al, 2017), coagulation-flocculation (Bakar and Halim, 2017), 
advanced oxidation (Consejo et al, 2005; Mudliar et al, 2009). Moreover, biological treatment can 
also be applied for removing pollutants from these effluents (Sarioglu and Gokcek, 2016; Mackulac 
et al, 2016). 

The cataphoresis process, composed of two main sub-processes, pretreatment and electrodeposion 
(ED) coating, is an important operation in automotive industry. The pretreatment or surface 
preparation process consists of a series of operations which include the hot water rinsing, degreasing, 
rinsing, surface activation and phosphate coating followed by several rinsing steps (US EPA, 1994). 
After these operations electrodeposition coating takes place. As a result, the cataphoresis process, a 
metal surface resistant to corrosion and ready to further surface applications is obtained (US EPA, 
1994). Recycling and reuse of wastewater in this process is of great importance from a sustainability 
standpoint as substantial amounts of water is consumed and wastewater is generated out of it. On the 
other hand, there is limited information in the literature on the reuse of wastewaters produced from 
cataphoresis rinse pools. The wastewater originating from the cataphoresis process contains heavy 
metal ions. In order to remove heavy metal ions from these effluents various treatment methods ie. 
chemical precipitation, adsorption, oxidation-reduction, electrochemical treatment, membrane 
technologies etc. can be used. 

In this context the objective of this study is to evaluate the widely used cataphoresis process of 
automotive industry in terms of its water consumption and pollution loads, and to investigate the 
wastewater reclamation and reuse potential of segregated effluents generated from the mentioned 
process. 


2. MATERIALS AND METHODS 


The study covers and provides the necessary information on the technical steps required for a 
comprehensive survey, involving detailed process profile, water demand, wastewater generation, 
wastewater segregation for optimum treatment, water balance and conceptual basis of wastewater 
recycling potential. All wastewater samples collected (once every 2 months) from the processes on a 
regular basis, were analyzed directly. The wastewater samples were characterized in terms of 
chemical oxygen demand (COD), pH, suspended solids, ammonium nitrogen (NH4-N). All analyses 
were carried out according to the Standard Methods (APHA, 1998). The analytical methods adopted 
are given in Table 1. 
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Table 1: Adopted wastewater characterization methods 


Parameter Method 

pH Electrometric Method 

COD Closed Reflux-Colorimetric 
Suspended Solids Gravimetric Method 

NHz-N Nesslerization (SM 4500-NH3 C) 


3. DESCRIPTION OF THE INDUSTRY AND PRODUCTION PROCESSES 


In the automotive industry, production processes are basically divided into four main production lines. 
These four main production lines are: pressing, welding, painting and assembly. 

The production of vehicles starts with the press process. The parts forming the body of the vehicles 
are shaped on the press lines. Chassis and some body parts of trucks and busses are compressed in 
the pressing area. Pressing takes place in three steps. In the first stage, industrial flat plate sheets that 
come as plate get in first form. Then by means of the second press stage, the edges and the inner parts 
the segment which has been shaped in the previous step are cut out. In addition, cutting and drilling 
operations required to achieve the final shape of the part is performed in this stage. During the third 
stage of the press process holes are opened at the required points and the edges of the part are curled. 
Spot welding is the most commonly used welding process for automotive and sheet metal works. At 
car body parts assembling line, sheet bodies are linked with spot welding machines. Then iin the 
‘carrossery’ section of the production line; vehicle cabin, front side panel engine cover parts 
integration are performed. Annually, the production capacity of the assembly line is 12,500 vehicles. 
The aim of painting is to form a coating film on the surface of an object in order to protect the object 
and give a fine appearance. Painting may also have other special functions. There are various types 
of coating methods. Spray painting and cataphoresis are currently used in many types of industrial 
painting. First, the vehicle bodies will undergo surface preparation and pre-paint treatment. This 
preparation involves thorough washing and wipe-cleaning. The pre-paint treatment process causes a 
chemical crystallization to occur on the vehicle surface that provides improved paint adhesion and 
anti-corrosion protection. The vehicle bodies are then conveyed directly from this phosphate pre- 
paint treatment process to the electro-coating process, which is typically a full immersion process. 
The vehicle bodies are immersed in the electro-coating bath, which causes electro-deposion on the 
vehicle bodies. That is, opposite charges are applied to the material and the vehicle, which causes the 
material to readily adhere to the surface of the vehicle. After applying the electro-coating, the vehicle 
bodies are conveyed to a curing oven (bake oven) where the coating is cured and dried prior to being 
conveyed to the prime-coat spray booth. As the vehicle moves toward and into the prime-coat spray 
booth, sealers and other protective coatings, such as antichip, are applied. 

The assembly department is the last stage in the production process. The components of the car such 
as the seat, steering wheel, tires, headlights, mirrors, interior wardrobe, instrument panel, electrical 
system, doors and mechanics parts such as engine, gearbox etc. produced in the factory are installed 
to the car. 

The processes investigated in this study are from a real car body-assembling factory. Process water 
is supplied from well water and then it is passes through disinfection, sand filter, activated carbon, 
ion-exchange, RO treatment and DI if necessary to used up different processes. The majority of this 
water (%41) is used for paint shop operations. 17 per cent are used for irrigation and fire systems and 
83 percent is allocated for sanitary purposes, cooling tower and other purposes. The wastewater from 
the production plant is treated onsite with standard physical-chemical treatment before discharge. The 
annual amount of wastewater generation is 23,000 m°. 
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4. WATER CONSUMPTION AND QUALITY REQUIREMENTS FOR VARIOUS 
WATER USES 


Throughout the plant water is used not only for the production process and domestic purposes (water 
supply for workers and personnel), but also for irrigation and in the fire suppression system. Figure 
1 presents the total water consumption of the plant. The total daily water requirement is calculated as 
approximately 134 m° d™!. 

The appropriate quality criteria for water consumption in industrial applications changes according 
to the specific demands of the manufacturer. Apart from irrigation, three different water quality 
requirements are set by the manufacturer i.e., for fresh cooling water inputs and for process waters 
(either deionized (RO/DI) or soft). The relevant quality requirements for different type of water uses 
in the installation are classified as well water, soft water, potable water and reverse osmosis (RO) 
treated or deionized DI water. As may be noted from the Table 2, conductivity and pH level is the 
sole quality parameter considered for the production lines. The specified conductivity level varies in 
a wide range from 2 to 1080 uS cm |, depending on the particular use. Process water requirement is 
divided into soft water, deionized (DI) water / reverse osmosis (RO) as given in Table 2. 


Table 2: Water quality requirements 
Well Water Potable Water Soft Water RO/DI Water 


pH 7.95 7.86 8.07 7.3-9.5 
Conductivity (uS/cm) 1080 397 210 2.12-16.19 


The amount of either continuous or intermittent water requirements within the whole plant are 
presented in Figure 1. Water requiring spots in the premise together with their amounts are given in 
Table 3. 


Table 3: Water consumption 


Input purpose ric ah Type Quality 
Irrigation 20.80 Intermittent Well 
Fire System 1.72 Intermittent Well 
Domestic 51.29 Continuous Potable 
Non-process 

Boiler 1.61 Intermittent Well 

Cooling 17.10 Intermittent Soft 

Cooling 1.61 Intermittent Well 
Process 

1 22.20 Intermittent Soft 

2 17.2 Intermittent DI/RO 


5. WASTEWATER GENERATION AND TREATMENT 


Process wastewaters together with domestic effluents and non-process discharges are produced in the 
premise. Both continuous as well as intermittent wastewater discharges are generated from the 
production processes. The flowrates of segregated process wastewaters are outlined in Table 4. As 
can be seen from the table process effluents are 37 % of the total amount. 
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Table 4: Wastewater generation 


Wastewater source mount 
m-/d 
Domestic 34.83 
Non-process 
Boiler 1.10 
Cooling 9.87 
Process 
Bus Paintshop 9.86 
Truck Paintshop 14.00 
TOTAL 65.51 


Domestic wastewater is treated by sequencing batch reactors after passing from drum screens. In 
Table 5 raw wastewater characterization together with the effluent of treatment plant are listed. 


Table 5: Wastewater characterization 


Parameter Raw wastewater Effluent of treatment 
Chemical Oxygen Demand (COD mg/L) 551 53 
Suspended solids (SS mg/L) 205 20 
Oil and Grease (mg/L) 7.49 0.34 
Ammonium nitrogen (NH4-N mg/L) 0.57 33.7 
Nitrite Nitrogen (NO2-N mg/L) <0.03 0.84 
Total Chromium (T.Cr mg/L) 0.005 0.006 
Chromium (Cr** mg/L) <0,01 <0,01 
Iron (Fe mg/L) 1.196 0.47 
Aluminum (Al mg/L) 1.234 0.309 
Lead (Pb mg/L) 0.003 0.0027 
Copper (Cu mg/L) 0.017 0.013 
Zinc (Zn mg/L) 2.727 0.297 
Mercury (Hg mg/L) <0.00013 <0.00013 
Fluoride (F mg/L) 14.7 1.82 
pH 6.45 7.33 


6. REUSE POTENTIAL OF CATAPHORESIS EFFLUENTS 


Approximately 59 % of the process wastewaters are generated from truck paint shop where 
cataphoresis process takes place. Cataphoresis process operates with 10 baths totally, in two stages, 
of Pretreatment (PT) and Electrodeposition (ED). In the Pretreatment (PT) line the metal car body 
pass through the subsequent baths of hot water rinsing (bath 1), degreasing (bath 2), rinsing I (bath 
3), surface activating (bath 4), phosphate (bath 5), rinsing II (bath 6), DI water rinsing (bath 7). 
Besides, in the Electrodeposition (ED) line, the metal car body pass through cataphoresis painting 
(bath 8), UF rinsing (bath 9), DI water rinsing (bath 10) baths. Both continuous and intermittent 
discharges arise from these baths. Water requirement and wastewater generation of cataphoresis 
process are given in Table 6 and 7, respectively. 
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Figure 1. The total water usage of the plant 
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Table 6: Water requirement and frequency of Cataphoresis process baths 


Name of the bath DI/RO Water Requirement and frequency(m3) |Total DI/RO water 
(Bath Number) Continuous Intermittent requirement (m° /year) 
Hot water rinse (1) 1 m° /day 100 m° /year 340 

Degreasing (2) 1 m° /day 50 m° /year 290 

Water rinse tank-1 (3) |1 m° /day 700 m? /year 940 

Surface activation (4) 1 m? /day 200 m° /year 440 

Phosphating (5) 0.4 m° /day = 96 

Water rinse tank-2 (6) |1 m° /day 700 m3 /year 940 

DI Water rinse tank (7) |1 m° /day 500 m° /year 740 

ED Coating (8) - - - 

UF Rinse (9) - - - 

DI Water Rinse (10) 1 m° /day 100 m° /year 340 


Table 7: Wastewater generation in Cataphoresis process baths and frequency of discharges 


Name of the bath Wastewater Generation and frequency Total Wastewater 
(Bath Number) Continuous Intermittent Generation (m?/year) 
Hot water rinse (1) 0.6 m° /day 100 m° /year 244 

Degreasing (2) 0.6 m° /day 50 m° /year 194 

Water rinse tank-1 (3) 0.6 m° /day 700 m? /year 844 

Surface activation (4) 0.6 m° /day 200 m° /year 344 

Phosphating (5) - - negligible 

Water rinse tank-2 (6) 0.6 m° /day 700 m? /year 844 

DI Water rinse tank (7) 0.6 m° /day 500 m° /year 644 

ED Coating (8) - - negligible 

UF Rinse (9) - - negligible 

DI Water Rinse (10) 0.6 m° /day 100 m? /year 244 

TOTAL 4.2 m° /day 2350 m° /year 3358 


The results of the characterization study performed on the mentioned bath discharges are tabulated in 
Table 8. As baths 8 and 9 are operated as a closed loop system, characterization of it is not given in 


the mentioned table. 


Table 8: Wastewater characterization of Cataphoresis process baths 


Parameter 


pH 

Conductivity (uS/cm) 
Zinc (mg/l) 
Nickel (mg/l) 
Manganese (mg/l) 
Phosphate (mg/1) 
Nitrite (mg/l) 
Nitrate (mg/l) 
Sulphate (mg/l) 
Chloride (mg/l) 
Iron (mg/l) 


1 

11 
2005 
0.176 
0.027 
0.03 
7.817 
2.449 
2.074 
3.0175 
4.519 
0.24 


2 
12.6 
27800 
ND 
ND 
ND 
109 
8.34 
925 
11 
8.34 
ND 


Bath Number 


3 4 
10.6 10.3 
1226 1430 
ND ND 
ND ND 
ND ND 

5 163 
<0.2 <0.2 
<0.2 <0.2 

0.8 1.4 
1.1 1.3 
ND ND 


1608 
ND 


5 6 7 10 
3 6 6 
342 27 59 
ND ND ND 
ND ND ND 
ND ND ND 
127, <0.15: <0.15 
<0.8 <0.2 0.3 
839 78 <0.2 13 
118 2 0,3 
0.6 0.5 <0.2 
ND ND ND 


As can be seen from Table 8, conductivity levels together with other pollutant parameters of 
continuous effluents arising from baths 6, 7 and 10 are relatively low. Therefore, these baths are 
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chosen as the reusable wastewater streams. By doing so 43 % of the continuous effluents can be 
reused. 


Apart from the mentioned reusable effluents of cataphoresis process, discharges generated from 
boilers and cooling system can also be recovered and reused. As a result 20 % of the whole 
wastewaters can be quoted as reusable effluents. 


7. DISCUSSION AND CONCLUSIONS 


Reuse potential of cataphoresis wastewaters in an automotive industry is investigated. The results of 
the study indicate that around 43 % of the continuous effluents generated from cataphoresis 
operations are reusable after passing through an appropriate treatment. Besides when discharges from 
cooling system and boiler are added to the mentioned reusable process effluents, 20 % of the whole 
wastewaters can be quoted as reusable in nature. 


Therefore, the reuse of segregated cataphoresis wastewaters together with discharges of cooling 
system and boiler could contribute to sustainable production once a cost-effective treatment process 
is addressed. 
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